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The intracellular localization of messenger RNA (mRNA) coupled with localized 
translation is a widespread strategy used to restrict protein function to specific 
regions of a cell. The subcellular destination of a localized mRNA is thought to 
depend upon the recognition of cis-acting RNA localization signals by trans-acting 
factors and the localization machinery. gurken mRNA localization and localized 
translation at the dorso-anterior corner of the Drosophila oocyte is essential for axial 
patterning of the embryo. Dorso-anterior localization requires the gurken localization 
signal, and trans-acting factors that have been identified by genetic approaches. 
However, the key features of the RNA signal, and the full complement of factors that 
are required for specific localization are not known. It has been hypothesized that the 
gurken localization signal contains consensus motifs for dorso-anterior localization, 
as the I Factor retrotransposon RNA also localizes to this region and contains a 
localization signal of similar predicted secondary structure. We are using Nuclear 
Magnetic Resonance (NMR) Spectroscopy to identify and compare RNA sequence 
and structural motifs in the two localization signals, and have shown that both 
structures contain common features that may represent key motifs required for dorso-
anterior localization. 
The trans-acting factors that can interact with the gurken localization signal were 
investigated in this work using a biochemical approach. RNA affinity 
chromatography identified a number of proteins that have a role in the localization 
and localized translation of a variety of mRNAs in Drosophila and other organisms, 
in addition to factors previously shown to be important for dorso-anterior gurken 
localization and translation. These included Hephaestus and CG17838, which were 
chosen for further study clue to the roles of their vertebrate homologues, Y I Li and 
SYNCRIP respectively, in neuronal mRNA localization. Both Hephaestus and 
CG 17838 accumulate at the posterior of the oocyte, in a similar manner to localized 
oskar mRNA, and can associate with gurken and oskar. Furthermore, CG1783 8  can 
interact with the known gurken trails-acting factors, Squid and Hrb27C. Analysis of 
hephaestus mutants suggests that Hephaestus has multiple roles within the 
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Drosophila oocyte including the maintenance of Gurken protein at the dorso-anterior 
in later stages of oogenesis. Previous studies have shown that this phenotype results 
from defects in processing or secretion of Gurken, although it is unclear how this 
relates to the interaction of Heph and grk mRNA. 
CGJ 7838 is essential for adult viability, and preliminary studies of CGJ 7838 
germline clones suggest that CG 17838 has a role in gurken localization or localized 
translation. Furthermore, CGJ 7838 mutant adult flies have a behavioural phenotype 
indicative of a defect in synaptic transmission, although further work is needed to 
assess if this is due to a conserved role for CG17838 in the regulation of localized 
mRNAs at the synpase. A growing number of proteins have been shown to be 
associated with both neuronal and maternal localized mRNAs, and the work 
presented in this thesis is consistent with the concept that core, conserved proteins 
are involved in the regulation of a number of localized mRNAs in different tissues 
and in different organisms. The conservation of a number of the trans-acting factors 
required for mRNA localization also means that the study of these factors during 
Drosophila oogenesis can lead to a greater understanding of how the process can go 
awry in human disease. This may be particularly important for understanding certain 
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Chapter 1 	 Introduction 
INTRODUCTION 
mRNA localization 
The intracellular localization of messenger RNA (mRNA) is a widespread, 
evolutionarily ancient strategy used to spatially restrict protein function to specific 
regions of a cell (Bashirullah et al., 1998; Martin and Ephrussi, 2009; Palacios and 
St. Johnston, 2001; St Johnston, 2005). Historically, intracellular protein localization 
was thought to occur mainly by sorting according to cellular destination signals 
within the protein itself. This view was challenged by the demonstration that 
maternal /3-actin mRINA accumulates in the myoplasm of ascidian eggs (Jeffery et 
al., 1983). Since then, a variety of mRNAs have been shown to localize in a wide 
range of cell types (Bashirullah et al., 1998; Czaplinski and Singer, 2006; Kioc et al., 
2002; St Johnston, 2005) and in most cases the subcellular distribution of the protein 
is entirely dependent upon the localization of the transcript (Broadus et al., 1998; 
Knoblich et al., 1999; Li et al., 1997; Shepard et al., 2003). The best-studied 
examples of localized mRNAs involve transcripts whose protein products play 
diverse, but highly specialized roles in specific regions of polarized cells. 
The biological roles of mRNA localization 
Regulation of cell polarity and directed cell migration 
Epithelial cells are highly polarized with separate apical and baso-lateral membrane 
compartments, each with a unique composition of lipids and proteins. This polarity is 
essential for cell function, cell and tissue morphogenesis and control of proliferation, 
and is regulated by the localization of highly conserved protein 'polarity' complexes 
to the two membrane domains. The mRNAs encoding two key polarity regulators, 
Stardust and Crumbs (both components of the apical Crumbs/Stardust/PATJ 
complex) are localized apically (Horne-Badovinac and Bilder, 2008; Li c/ al., 2008), 
contributing to the establishment of cell polarity. In motile chicken embryo 
I 	 Introduction 
fibroblasts, /3-actin mRNA localization, coupled with localized translation, targets 
actin filaments to the leading edge (Sundell and Singer, 1990), where it is essential 
for cell polarization and directed cell migration (Kislauskis et al., 1997). Neurons are 
amongst the most highly polarized of cell-types, typically containing a long 
filamentous axon and multiple dendrites that differ from one another 
morphologically and functionally. In part, this compartmentalization is maintained 
by the segregation of a number of transcripts to either axons or dendrites in 
developing neurons. For example, the localization of tau and MAP2 mRNAs to 
axons and dendrites respectively may contribute to differential cytoskeletal 
organisation in the two neuronal domains (Aronov et al., 2001). 
Rapid response to local environmental cues and stimuli 
Local translation of localized mRNAs is important in both developing and mature 
neurons. During neuronal development, axonal growth cones are guided by local 
environmental guidance cues as they navigate toward their synaptic partners. 
Axonally targeted mRNAs are translated in response to such cues, allowing for rapid, 
local synthesis of cytoskeletal regulators, for example, RhoA (Wu et al., 2006), fl-
actin (Leung et al., 2006; Zhang et al., 2001) and MAPJb (Antar et al., 2006) 
mRNAs. This allows the growth cone to turn toward or turn away from attractive or 
repulsive guidance cues respectively. In mature neurons, many, up to hundreds, of 
mRNAs are dendritically enriched (Eberwine et al., 2002; Martin and Zukin, 2006). 
The regulated translation of post-synaptically localized mRNAs, such as CaMKIJa, 
Arc, MAP2 and f3-actin, allows each of the many synapses made by a particular 
neuron to alter its structure and function during synaptic plasticity, and may produce 
long-lasting changes in synaptic strength (reviewed in Dahm et al., 2007; Sanchez-
Carbente and DesOroseillers, 2008; Sossin and DesGroseillers, 2006; Steward and 
Schuman, 2001). mRNA localization is therefore thought to be very important for the 
plastic changes at synapses that underlie memory and learning. 
2 
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Exclusion of a protein from regions of the cell 
In oligodendrocytes, the mRNA encoding myelin basic protein (MBP) is transported 
into the distal processes (the 'myelin compartment') that generate myelin sheets to 
surround neuronal axons (Ainger et al., 1997; Carson et al., 1997; Trapp et al., 
1987). MBP associates with membranes to cause their compaction and is translated 
in the myelin compartment where it is incorporated into the myelin sheath. If the 
protein were to be translated in the cell body, then it could potentially interact with 
the wrong membranes, which would inhibit movement to the periphery and also 
interfere with cell function. 
Segregation of cell fate and embryonic polarity determinants 
mRNA localization can specify cell identity by the partitioning of cell fate 
determinants into one daughter cell in asymmetric cell division. This is vital in 
budding yeast, Saccharomyces cerevisiae, where the mRNA encoding the 
transcriptional repressor, ASH 1 is localized to the bud tip of a dividing cell. This 
results in the sequestration of localized ASH] mRNA within the daughter cell, 
thereby ensuring that the mother and daughter cells have distinct mating types 
(Bobola et al., 1996). Localized RNAs have also been shown to act as cell fate 
determinants in the asymmetric division of Drosophila neuroblasts, where pro spero 
mRNA is localized to the basal cortex and determines ganglion mother cell fate 
following cell division (Broadus el al., 1998). 
Many of the best-characterized localized mRNAs are found in oocytes and early 
embryos (Bashirullah el al., 1998). mRNA localization, coupled to translational 
regulation means that developmental gene expression can occur in a defined spatial 
and temporal manner, important when an asymmetric organism must be established 
from a single egg in a precisely timed series of events (Colegrove-Otero et al., 2005; 
Johnstone and Lasko, 2001). In a number of examples, the primary axis of the 
organism is defined by the localization of cytoplasmic determinants in the egg. By 
targeting the protein to its site of function, but restricting its expression elsewhere, 
3 
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precise patterning of the embryo can be achieved. This can be, for example by 
creating morphogen gradients, specifying cell lineages, or by controlling the 
direction of important signalling events. Examples include maternal Vgl (a 
signalling molecule of the TGF-13 family) mRNA localization to the vegetal 
hemisphere of Xenopus oocytes (Melton, 1987; Yisraeli and Melton, 1988; Yisraeli 
et al., 1990), where it later plays a role in mesoderm induction (Dale et al., 1993; 
Thomsen and Melton, 1993). However, most evidence for the function of RNA 
localization in development comes from the Drosophila oocyte (Palacios and St. 
Johnston, 2001), where mRNA localization pathways play a central role in 
embryonic axis determination (St Johnston and NUsslein-Volhard, 1992). Here, the 
localization of maternal mRNAs, such as bicoid (bcd), oskar (osk), gurken (grk) and 
nanos (nos), to specific regions of the oocyte is crucial for anterior-posterior (A-P) 
and dorso-ventral (D-V) patterning of the embryo. 
Roles other than targeting protein synthesis 
One thing which all the roles discussed have in common is the targeting of protein 
synthesis and function to a particular region of the cell. In a number of cases, 
localized RNAs may have roles other than the targeting of protein function, 
including structural roles. The Xenopus short interspersed repeat transcripts (Xlsirts) 
localize to the vegetal pole of the Xenopus oocyte (KIoc el al., 1993). These are a 
family of noncoding and coding RNAs defined by the presence of a specific repeated 
sequence that acts as a vegetal localization element (Zearfoss et al., 2003). There is 
evidence that the Xlsirts and another vegetally localized coding mRNA, VegT mRNA 
function in the anchoring of other localized RNAs at the vegetal pole (KIoc et al., 
2005). This is due to their integration into, and function in the organization of the 
cytoskeleton at the vegetal cortex in Xenopus oocytes. in a further example, genetic 
studies of the osk gene in Drosophila have shown that protein null alleles give only a 
subset of the phenotypes exhibited by RNA null alleles (Jenny et al., 2006), 
suggesting that osk mRNA has functions other than in the synthesis of Osk protein. 
NU 
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The above examples illustrate how a number of localized mRNAs can play highly 
specialized roles at their final subcellular destination. However, more recent studies 
suggest that mRNA localization, coupled with localized translation is a much more 
prevalent mechanism for the regulation of gene expression than was previously 
thought. Past estimates for the percentage of localized mRNAs in early Drosophila 
development have ranged from one to ten percent (Dubowy and Macdonald, 1998; 
Tomancak et al., 2002). A recent, high-throughput in situ hybridization screen of 
over 2000 genes expressed in the Drosophila early embryo, representing 
approximately 25% of the genome, showed that 71% of the mRNAs were distributed 
in spatially restricted patterns (Lecuyer et al., 2007). It must be remembered that this 
study screened only a quarter of the genome in a distinct developmental window 
unique to insects, when the syncytial blastoderm embryo is undergoing 
cellularization. Although the number of localized transcripts could reflect a high 
demand for localization events peculiar to the conversion from a syncytial to a 
cellular environment, the percentage of localized transcripts, as well as the number of 
different localization patterns observed in this study, suggests that mRNA 
localization and regulated translation may be a means of regulating the majority of 
cellular functions rather than being restricted to the specialized biological processes 
described previously. 
Why localize mRNAs? 
The reasons for localizing mRNA rather than directly localizing protein have been 
touched upon in the discussion of the biological role of mRNA localization. Because 
one mRNA molecule can serve as a template for multiple rounds of translation, 
localizing mRNA rather than protein to the site where the protein is needed is much 
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high local levels of proteins that act as determinants to induce specific cell fates, or 
where the protein could be toxic in other regions of the cell, the synthesis of the 
protein must be restricted to defined cytoplasmic positions. mRNA localization 
targets the protein to the correct region of the cell, and also prevents its expression 
elsewhere, where it may be deleterious. mRNA localization also allows for local 
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control of protein, and therefore gene expression, meaning a cell can respond rapidly 
to a local requirement for the protein. 
Mechanisms of mRNA localization 
Studies in a number of diverse systems and species have shown that there are several 
potential mechanisms by which mRNA can be localized (Kioc et al., 2002; Palacios 
and St Johnston, 2001; St Johnston, 2005). The models include localized synthesis 
and vectorial export of mRNA from a specific region of the nucleus, general 
degradation and selective protection at the site of localization, diffusion and specific 
anchoring at the site of localization or active transport along the cytoskeleton using 
molecular motors. Indeed, a combination of mechanisms may be used to localize 
different RNAs. 
Local synthesis 
Localized transcription followed by directional export from the nucleus is a simple, 
elegant way of localizing a transcript to a particular region. However, biological 
examples of this mechanism are rare. One example comes from mammalian 
multinucleate syncytial myofibres. The postsynaptic apparatus in myofibres is 
characterized by the accumulation of a number of membrane and cytoskeletal 
proteins. A number of mechanisms exist to ensure the precise localization and supply 
of these proteins, one of which is the localized transcription of the mRNAs encoding 
some of these components. mRNAs encoding several key synaptic proteins, such as 
the ö- and E-acetylcholine receptor (Brenner et a/., 1990; Simon et al., 1992) are 
transcribed preferentially in the nuclei that underlie the neuromuscular junctions, 
concentrating the mRNAs near the synapses where the corresponding proteins are 
required. This local transcriptional control involves the activation of synaptic 
expression by the nerve-derived signal agrin and the trophic factor neuregulin, and 
the concomitant repression of expression in extrasynaptic nuclei by electrical activity 
(reviewed in Schaeffer et al., 2001 and Chakkalakal and Jasmin, 2003). 
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General degradation and local protection 
Initially uniformly distributed transcripts may be degraded throughout most of the 
cytoplasm while being protected from degradation at the localization site. This 
mechanism has been shown to restrict several mRNAs to the posterior pole plasm of 
the Drosophila egg. Only 4% of nos mRNA is localized in the pole plasm of the 
newly laid egg, whilst the majority of the mRNA is distributed throughout the 
cytoplasm. The localized mRNA is stable, whilst the unlocalized mRNA is subject 
both to translational repression and to rapid degradation (Bashirullah et al., 1999; 
Dahanukar and Wharton, 1996; Gavis et al., 1996; Smibert et al., 1996). The 
interaction of Smaug with the nos 3 'UTR is responsible for translational repression 
and recruitment of the CCR4/NOT deadenylase, triggering deadenylation and 
degradation of the transcript (Zaessinger et al., 2006). hsp83 mRNA is also restricted 
to the pole plasm in this manner (Ding et al., 1993). This posterior enrichment 
requires two cis-acting elements in the 3'UTR of the transcript (Bashirullah et al., 
1999). One is a degradation element that targets unlocalized RNA for destruction 
through the binding of Smaug (Semotok et al., 2005; Semotok el al., 2008), whilst 
the other is a protection element that stabilizes the localized RNA at the posterior. 
Diffusion and anchoring 
Transcripts may diffuse throughout the cytoplasm, but be trapped and anchored at 
the localization site, gradually becoming concentrated at this site. mRNAs localized 
in the Drosophila pole plasm, including flOS mRNA, again provide an example of 
this, highlighting how multiple mechanisms can act in order to localize an mRNA. 
nanos, cyclin B, germ cell-less mRNAs are concentrated at the posterior of the 
Drosophila oocyte late in oogenesis. Cytoplasmic streaming in the oocyte facilitates 
the diffusion of these RNAs toward the posterior where they are anchored by 
components of the pole plasm, the formation of which depends upon the earlier 
localization and translation of osk mRNA at the posterior (Ephrussi and Lehmann, 
1992; Forrest and Gavis, 2003; Jongens ci al., 1992; Nakamura et al., 1996; Raffei 
al., 1990; Wang ci al., 1994). Similarly, during the cleavage divisions of Xenopus 
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early embryogenesis, cyclin B] is localized to the mitotic spindle. Trapping of the 
mRNA is most likely mediated by an interaction between the CPE (Cytoplasmic 
Polyadenylation Element) within the transcript, and CPEB (CPE-binding protein) 
that decorates the spindle (Groisman et al., 2000). 
Active transport 
Transport of mRNA by molecular motors along cytoskeletal filaments has been 
implicated as the major localization mechanism in most cell types. In principle, this 
represents a more efficient way of moving an mRNA cargo through the viscous 
environment of the cell cytoplasm as opposed to protection from degradation or 
diffusion followed by anchoring. mRNAs can be transported along actin by myosin 
motors or along microtubules by the two major superfamilies of microtubule motor 
proteins, Kinesins and Dyneins. 
Molecular motors 
Molecular motors are nanomachines that are able to convert chemical energy to 
mechanical work and take directional steps through repeated cycles of association 
and dissociation along cytoskeletal tracks. Movement results from force generation 
by conformational changes induced in the motor domain by ATP hydrolysis. Motors 
are widely used to traffic organelles, vesicles, pathogens and macromolecules and 
this will be a discussion of the cytoplasmic motors implicated in intracellular 
trafficking and transport events. However, molecular motors also have many other 
specialized functions, including axonemal Dyneins required for ciliary or flagellar 
beating (Gibbons, 1981; Porter, 1996; Woolley, 2000), Myosins responsible for the 
generation of contractile force in muscle, and mitotic roles for Kinesins and Dynein 
in chromosome and spindle motility (Hook and Vallee, 2006; Maney el al., 2000; 
Wittmann etal., 2001). 
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Cytoplasmic Dynein 
Cytoplasmic Dynein is the major motor for minus-end directed transport along 
microtubules. It is a large and complex motor protein (1.2 MDa) composed of two 
identical heavy chains (each of which possess motor activity) (Nishiura et al., 2004; 
Reck-Peterson et al., 2006), two intermediate chains, and additional light 
intermediate and light chains (King, 2000a; Pfister et al., 2006). The light and 
intermediate chains are involved in the assembly of the entire Dynein complex and in 
cargo recognition. Dynein heavy chain is a member of the AAA family of ATPases, 
and consists of a large globular motor 'head' domain, a coiled-coil extension (the 
stalk) that interacts with the microtubule in an ATP-dependent manner, and an 
extended tail domain (the 'stem') that dimerizes with a second heavy chain and also 
binds to the light and intermediate subunits (Burgess and Knight, 2004; Sakato and 
King, 2004; Samso et al., 1998). The structure of the motor 'head' domain derives 
from the assembly of six AAA units (AAA 1-6) into a hexameric ring (Roberts et al., 
2009). Despite the presence of ATP binding/hydrolysis motifs in the first four AAA 
units, hydrolysis of ATP at a single site (AAA1) is necessary and sufficient to drive 
motility along the microtubule (Kon et al., 2004; Takahashi et al., 2004). However, 
the AAA ring must be intact for proper functioning of the motor, and the other sites 
may play regulatory roles (reviewed in Numata et al., 2008; Silvanovich el al., 
2003). The ATP hydrolysis cycle in AAA1 is coupled via conformational changes to 
changes in microtubule binding affinity at the tip of the stalk, which allows the heavy 
chain to step along the microtubule (Carter et al., 2008; Gibbons et al., 2007). 
Coordination of the two heavy chains is thought to allow Dynein to 'walk' in a hand-
over-hand fashion (Gennerich and Vale 2009). 
Most Dyne in-mediated functions require an additional accessory complex known as 
Dynactin, which has roles in both cargo binding and motor processivity (Holleran et 
al., 1998; King, 2000b; Schroer, 2004). Dynactin is composed of eleven subunits, 
including p150/Glued, p50/Dynamitin and ArpI. p150/Glued can bind to Dynein 
intermediate chain and to microtubules, and it is thought that these interactions can 
stabilise the attachment of Dynein to microtubules, or maintain Dynein in close 
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proximity to microtubules (Karki and Holzbaur, 1995). p50lDynamitin is crucial for 
the structure of Dynactin (Eckley et al., 1999), and overexpression of Dynamitin has 
been used to impair or abolish the function of Dynein in several studies (Burkhardt et 
al., 1997; Wilkie and Davis. 2001). The Arpi subunit assembles to form an actin-like 
filament at the base of the complex, and is thought to interact with membranous and 
kinetochore cargoes (Holleran et al., 1996; Saffery et al., 2000). 
Cytoplasmic Dynein is required for the transport of a wide range of cargoes. The 
transport of vesicles from the endoplasmic reticulum (ER) to the Golgi is dependent 
on the Dynein-Dynactin complex, and disruption of Dynein function results in 
fragmentation of the Golgi. Dynein is also required for the minus end directed 
transport of many other organelles including endosomes, lysosomes, phagosomes 
and mitochondria (Caviston and Holzbaur, 2006). In neurons, Dynein is involved in 
the transport of a variety of axonal and dendritic vesicles and organelles. Axons have 
unipolar microtubules where the plus ends point in the direction of the synapse, and 
Dynein is responsible for retrograde movement from the synapse back to the cell 
body (Vallee et al., 1989) Other Dynein cargoes include aggregating melanosomes in 
Xenopus melanophores (Aspengren et al., 2009; Gross et al., 2002) and lipid 
droplets in Drosophila embryos (Gross et al., 2000). A variety of macromolecules, 
including proteins such as the neuronal intermediate-filament vimentin (Clarke and 
Allan, 2002) and RNAs, are also transported by Dynein. This is illustrated by the 
role of Dynein in the transport of pathogens such as herpes virus (Dohner el al., 
2002). The intracellular transport of HIV genomic RNA (vRNA) and viral proteins, 
and also viral production are dependent on Dynein motor function and endosomal 
membranes (Lehmann et al., 2009). 
Dyncin transports a number of localized niRNAs toward the minus ends of 
microtubules (Tekotte and Davis, 2002). wingless and pair-rule transcripts localize to 
the apical cytoplasm above the nuclei in the Drosophila syncytial blastoderm embryo 
(Davis and Ish-Horowicz, 1991; Simmonds el al., 2001). The use of genetics, 
inhibitors and high-resolution imaging has shown that this movement requires 
microtubules (nucleated from an apical microtubule organizing centre or MTOC) and 
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Dynein-Dynactin (Wilkie and Davis, 2001), as well as the Dynein cofactors 
Egalitarian (Egi) and Bicaudal-D (BicD) (Bullock and Ish-Horowicz, 2001). Egl and 
BicD bind dynein light chain and dynactin components respectively (Hoogenraad et 
al., 2001; Navarro et al., 2004; Short et al., 2002). Similarly, the apical localization 
of the cell polarity regulators Stardust and Crumbs in epithelial cells has been shown 
to be dependent upon microtubules and Dynein (Horne-Badovinac and Bilder, 2008; 
Li et al., 2008), as has the localization of inscuteable mRNA to the apical cortex of 
Drosophila embryonic neuroblasts (Hughes et al., 2004). Experiments in which 
Dynein is inactivated indicate that bcd mRNA is transported in a Dynein-dependent 
manner to microtubule minus ends at the anterior of the Drosophila oocyte (Duncan 
and Warrior, 2002; Januschke et al., 2002; Pokrywka and Stephenson, 1991; Weil et 
al., 2006). Live imaging of fluorescently tagged bcd mRNA has further revealed that, 
although a portion of bcd mRNA is localized to the anterior during mid-oogenesis, 
the bulk of mRNA is localized and maintained at the anterior later in oogenesis. This 
is a dynamic process involving continuous active transport of bcd by Dynein on 
anterior microtubules (Weil et al., 2006). The Dynein-dependent localization of grk 
mRNA during Drosophila oogenesis will be discussed separately. 
Kinesins 
Kinesins and Kinesin related proteins are an extended superfamily of proteins that 
share a homologous motor domain that can bind to the microtubule in an ATP-
sensitive manner (for review of Kinesin family protein structure and function see 
Caviston and Holzbaur, 2006; Hirokawa, 1998; Hirokawa and Takemura, 2005; Miki 
el al., 2005; Vale et al., 2003). There is, however, considerable variation in the 
accessory subunits and cargo binding domains. In many of the Kinesins, this 
conserved motor domain is necessary and sufficient for motor function. The major 
Kinesin families involved in intracellular trafficking and transport processes are the 
Kinesin-1, -2 and -3 families. Kinesin-1 and most of the motors in the Kinesin 
superfamily move unidirectionally toward the plus end of the microtubule. However, 
minus end-directed Kinesins do also contribute to intracellular trafficking events, 
such as the minus end-directed transport of early endosomes. 
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Kinesin- 1 (also referred to as Conventional KinesinIKlF5) is composed of two heavy 
chains (KHC) and two light chains (KLC). Each KHC contains the motor domain, a 
long coiled-coil stalk interrupted by a central hinge and a globular tail domain. The 
accessory KLC binds to the KHC tail domain and both KLCs and KHC tail domains 
can bind cargoes. In various cell types, Kinesin- 1 associates with the ER, Golgi (with 
cargo moving out from the Golgi to the plasma membrane), mitochondria, 
endosomes, lysosomes and intermediate filaments (Caviston and Holzbaur, 2006). 
Vaccinia virus virions that have been enveloped by membrane at the Golgi or late 
endosomes are transported to the cell periphery by Kinesin-1 (Rietdorf et al., 2001; 
Ward and Moss, 2004). Other cargoes include plus end directed dispering 
melanosomes in Xenopus melanophores (Aspengren et al., 2009) and lipid droplets 
in Drosophila embryos (Shubeita et al., 2008). Just as Dynein is the major motor for 
retrograde movement in axons, Kinesin- 1 is the major anterograde motor for vesicles 
and organelles such as mitochondria. Interestingly, genetically interfering with 
Kinesin- 1 function inhibits both anterograde and retrograde transport. The same is 
also seen in Dynein mutants and in both cases, axonal swellings are observed in 
which both anterograde and retrograde cargoes accumulate (Martin el al., 1999; 
Pilling el al., 2006). It therefore seems that Dynein and Kinesin- 1 are interdependent 
for axonal transport. Kinesin- 1 is also required for the dendritic transport of proteins 
including AMPA glutamate (Hirokawa and Takemura, 2005). 
The Kinesin-2 (also known as KIF3/Kinesin II) family consists of heterotrimeric 
complexes, composed of a heterodimer of motor-containing proteins responsible for 
force generation, the tails of which bind a third protein, known as Kinesin associated 
protein (KAP). KAP, which shares some similarity with KLC, is thought to interact 
with cargo. Members of the Kinesin-2 family transport membranous and vesicular 
cargo including late endosomes (Caviston and Holabaur, 2006) and N-cadherin and 
-catenin-containing vesicles in mouse neural progenitor cells (Hirokawa and 
Takemura, 2005; Teng el al., 2005). Kinesin-2 is also required for axonal transport 
of choline acetyltransferase in Drosophila (Ray et al., 1999) and the adenomatous 
polyposis colon protein (APC) in tissue culture cells (Jimbo el al., 2002). 
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Kinesin-3 (KIF1/Uncl04) Kinesins are predomianantly monomeric (Okada et al., 
1995). This is in contrast to other Kinesins, which are oligomeric. However, when 
concentrated in solution or on membranes, Unc 1 04/KIF 1 can dimerize via coiled-
coil regions adjacent to the motor domain, and dimerization allows the motor to 
move processively along microtubules like conventional Kinesin (Tomishige et al., 
2002). The UnclO4 motor was initially discovered in a mutant screen in C. elegans, 
where null mutations cause paralysis due to a failure to transport synaptic vesicles in 
the axons of motor neurons (Hall and Hedgecock, 1991). It has since been shown 
that the mouse orthologues, KIF 1 A and KIF 1 B, are also required for the transport of 
synaptic vesicle precursors from the cell body to the presynaptic terminal (Yonekawa 
etal., 1998). 
Kinesin family members transport a number of localized mRNAs toward the plus 
ends of microtubules (Tekotte and Davis, 2002). osk mRNA in the Drosophila 
oocyte is localized to the posterior pole of the oocyte in a process that is dependent 
upon microtubules (Clark et al., 1994) and Kinesin-l. Null alleles of Khc cause a 
phenotype in which osk RNA localizes around the anterior and lateral cortex of the 
oocyte (Brendza et al., 2000; Cha et al., 2002). Live imaging of fluorescently-tagged 
osk mRNA in Khc and Dhc mutant Drosophila oocytes has recently shown that 
Kinesin- I mediates plus end directed movement of osk mRNA (Zimyanin el al., 
2008). Indeed, this study also showed that osk is not transported in a highly directed 
fashion toward the posterior by Kinesin-1, but that the mRNA moves in all directions 
with a slight posterior bias. This bias is sufficient for localization and arises from a 
weak bias in the orientation of microtubule plus ends toward the posterior of the 
oocyte. 
Kinesin has also been implicated in the localization of MBP and carnKiiu mRNA 
into the myelinating processes of oligodendrocytes and the dendrites of neurons 
respectively. Antisense oligonucleotides directed against KHC can block the 
localization of injected MBP mRNA (Carson et al., 1997), whilst a dominant-
negative KIF5 mutant reduces the distance that CamKIIa mRNA can be found from 
the cell body. Furthermore, CainKlia and another dendritically localized mRNA, 
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Arc, were shown to be in a complex purified using the tail of KIF5 (Kanai et al., 
2004). Interaction with multiple isoforms of Kinesin, specifically Kinesin-1 and 
Kinesin-2, is observed in the case of Vgl mRNA. Blocking the function of Kinesin-1 
and Kinesin-2 by the injection of antibodies, or the expression of mutant Kinesins in 
Xenopus oocytes disrupts Vgl mRNA localization (Betley et al., 2002; Messitt et al., 
2008). Furthermore, Kinesin- 1 and Kinesin-2 have non-redundant functions in Vgl 
localization, and it is thought that they operate together to coordinate the transport of 
Vg] mRNA along a subpopulation of microtubules to the vegetal pole of the 
Xenopus oocyte. 
Myosin 
Members of the type-V Myosin (MyoV/Unconventional Myosin) family are widely 
used for intracellular transport along actin filaments (Reck-Peterson et al., 2000; 
Vale, 2003). MyoV can be divided into four major structural domains. The motor 
domain contains the actin-binding site and ATP binding site, followed by an 
extended lever arm that is stabilized by binding calmodulin, or related light chains. 
- The lever arm amplifies conformational changes on ATP hydrolysis. A coiled-coil 
rod region is responsible for dimerization of the molecule, and at the C terminus is a 
globular tail that binds adapter proteins that link MyoV to cargo. In metazoans, 
MyoV has been implicated in transport of various organelles on actin tracks (Vale, 
2003), including ER movement in squid axoplasm and melanosome transport in 
Xenopus melanophores and mouse melanocytes (Aspengren et al., 2009). The MyoV 
family has been widely studied in S. cerevisiae, where the motor Myo2p delivers 
secretory vacuoles and vesicles, mitochondria, Golgi and proteins such as Kar9 
(required for anchoring microtubules to the bud tip) from the mother cell to the bud 
tip of a dividing cell (Reck-Peterson et al., 2000). 
One of the best-understood examples of active transport of mRNA is the MyoV 
motor, Myo4p, -mediated localization of ASH] mRNA along the actin cytoskeleton 
from the mother cell to the bud tip (Gonsalvez et al., 2005; Willer et al., 2007; 
Paquin and Chartrand, 2008). Microarray analysis has also identified a further 22 
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transcripts that are localized to the bud by the same machinery as ASH] (Shepard et 
al., 2003). 
Multiple motors move cargoes 
In vitro studies with purified molecules have demonstrated that increasing the 
number of motors attached to a bead enhances motor processivity (Mallik et al., 
2005; Vershinin et al., 2007). Electron microscopy, high-resolution tracking and 
motor stall force measurements indicate that teams of motors also operate during 
cargo transport in vivo. In Drosophila, lipid droplets are transported toward the plus 
end of microtubules into the interior of the syncytial blastoderm embryo. Both 
Dynein and Kinesin-1 are involved in the movement of these lipid droplets and it has 
been proposed that up to 4-6 Dyneins are active on individual droplets during minus-
end-directed movement (Gross et al., 2000). In addition, measurement of the stall 
forces for droplet motion powered by Kinesin- 1 revealed that lipid droplets might 
also engage more than one molecule of Kinesin (Shubeita et al. 2008). In a further 
example, it is also thought that the highly processive movement of individual 
peroxisomes in cultured cells can be driven by as many as 11 Dyneins or Kinesins 
engaged at one time (Kural et al., 2005). Visualization of localized mRNA in so-
called transport particles by electron microscopy has also indicated that multiple 
motor molecules may be present in one RNA transport particle (Delanoue et al., 
2007). 
Bidirectional movement of motor cargoes 
Although some cargoes may be transported in a smoothly unidirectional manner 
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cases, runs in one direction are interrupted by pauses or processive movements in the 
opposite direction. It has been hypothesized that bidirectional motility enables 
motors to bypass obstacles within the cell and to correct errors in transport. 
Bidirectional motility is thought to result from the concurrent binding of oppositely 
oriented motors that are coordinately regulated. The regulatory mechanisms that 
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govern this coordination are not yet clear but might involve the direct coupling of 
motors, or coordination through accessory factors such as Dynactin. Among the 
many cargoes known to display this type of bidirectional motion are lipid droplets, 
mitochondria, pigment granules, peroxisomes and RNA transport particles. Both 
Dynein and Kinesin-1 are required for the bidirectional movement of FMR-
containing RNA granules in thin processes formed by Drosophila S2 cells (Ling et 
al., 2004). In oligodendrocytes, exogenous MBP RNA assembles into granules that 
move bidirectionally and colocalize with both Kinesin-1 and Dynein (Ainger et al., 
1997). 
In some cases, bidirectional motility may be the result of the action of just one type 
of motor. In motility assays with multiple Dynein motors in vitro, Dynein moves 
exclusively to the minus ends. However, it has also been shown that highly purified 
DyneinlDynactin complexes from mouse brain are capable of bidirectional transport 
to both plus and minus ends (Ross et al., 2006). Moreover, apically localized 
mRNAs in the Drosophila syncytial blastoderm embryo are transported 
bidirectionally, and inhibition of Dynein suppresses movement in both directions 
(Bullock et al., 2006). Plus end movement in this case is independent of Kinesin- 1 
and Kinesin-2. This suggests that Dynein itself, rather than the joint activities of 
Dynein and Kinesin is responsible for bidirectional movement of apical mRNAs. 
Dynactin has also been shown to be required for suppression of plus-end directed 
motion, thereby preventing basally directed movement in the embryo (Vendra et al., 
2007). 
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How does the transport machinery recognize mRNAs, and how is 
subcellular destination determined? 
The destination of localized mRNAs is in part determined by cis-acting elements 
within the mRNA. It is thought that trans-acting factors recognize and interpret these 
elements, couple the mRNA cargo to the motor, and specify the destination of the 
mRINA. However, very little is known of the molecular mechanisms that govern this 
recognition and choice of destination, and the question of specificity remains a major 
question in the field. 
Cis-acting elements 
Cis-acting 'localization elements' (otherwise known as 'zipcodes' as they contain the 
cytoplasmic 'delivery address' for transport) have been identified through genetic 
and microinjection studies aimed at characterizing the minimal sequences that are 
necessary and sufficient for correct localization. Such studies have shown that 
localization elements are most commonly found in the 3'UTR of targeted mRNAs, 
but can also be located in the 5'UTR or coding regions (Serano and Rubin, 2003; 
Van De Bor el al., 2005), and can vary in size from the 1 1-nucleotide RNA 
trafficking signal (RTE; also referred to as the A2RE motif) in the 3'UTR of MBP 
mRNA (Ainger et al., 1997) to a 625-nucleotide region of the bcd 3'UTR 
(Macdonald and Struhl, 1988). Very few examples of 'consensus' localization 
sequences within mRNAs that can localize to the same subcellular destination have 
been identified. 
A number of common themes have emerged from the study of localization 
sequences. Localization elements can be modular, with distinct elements directing 
different steps of localization, as is seen for bcdmRNA (Macdonald and Kerr, 1997). 
In this case, several elements (referred to as bcd localization elements, or BLEs) 
within the initially identified 625-nucleotide region are required for localization, and 
distinct elements direct distinct steps of transport (Macdonald and Kerr, 1997; 
Macdonald and Kerr, 1998; Macdonald ci al., 1993). The 50-nucleotide BLEI was 
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shown to be specifically required for transport from the nurse cells of the Drosophila 
egg chamber to the oocyte. Additional BLEs are required for later steps of transport 
and for anchoring of the RNA at the anterior of the oocyte. 
In a number of examples, the localization sequence has been predicted to form a 
stable secondary structure, which through mutagenesis experiments has been shown 
to be critical for localization. Mutations in BLEs that altered the primary sequence of 
the localization element whilst conserving the predicted secondary structure were 
shown to still allow bcd localization, suggesting that RNA structure, rather than 
primary sequence in this case, is critical (Ferrandon el al., 1997). Localization 
element structure, and the hunt for consensus sequences and structure are explored 
further in Chapter 3. 
Localization elements in some instances are also repeated and functionally 
redundant. For example, nos mRNA contains four different regions in its 3'UTR able 
to direct localization to the posterior of the Drosophila oocyte (Gavis et al., 1996). 
Each signal is sufficient for localization, but functions more efficiently when present 
in multiple copies, or when combined with the other elements. Clustering of 
repeated, redundant elements is also observed within the short E2 and VM1 
sequences of the 340-nucleotide VgI localization element (VLE) in Xenopus Vgl 
mRNA (Lewis et al., 2004), and in the four RNA stem loops (El, E2A, E213 and E3) 
that target ASH] mRNA to the bud in S. cerevisiae (Chartrand el al., 1999). It has 
been hypothesized that clustering of sequences facilitates the binding of trans-acting 
factors to the RNA, as well as the binding of factors that are required for localization 
but that do not bind the RNA directly. 
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Trans-acting factors 
The ability to image localizing mRNAs in living cells has shown that the transport of 
RNA cargoes to their destination occurs in large ribonucleoprotein (RNP) particles, 
termed RNA transport granules (Ainger et al., 1993; Bullock et al., 2006; Ferrandon 
et al., 1994; MacDougall et al., 2003; Vendra et al., 2007; Weil et al., 2008; Wilkie 
and Davis, 2001; Zimyanin et al., 2008). Within these particles, trans-acting factors 
bind the transported RNA directly, or indirectly by binding other proteins. These 
factors may play various roles, reflecting the multiple steps that are involved in 
transporting mRNAs to specific subcellular sites (Fig. 1.1). These roles include 
linking the RNA cargo to the motor, influencing motor activity, defining the specific 
cellular destination of a particular RNA, regulating the translation of the RNA whilst 
being transported, or anchoring the RNA once it has reached its final destination. 
Such factors may also be present as a result of earlier mRNA processing events, such 
as nuclear export or splicing, and also play further roles in localization. Furthermore, 
RNPs may be dynamic, and the specific constellation or arrangement of proteins 
within an RNP complex may change at different stages, ultimately specifying the 
fate of the RNA by influencing its structure and interactions with different factors 
(Dreyfliss el al., 2002). Major questions remain about the biochemical nature of 
RNA transport granules, the proteins and RNAs that are present in them, what jobs 
these factors do and how they are organized both spatially and temporally. 
RNA transport granules 
The assembly of large RNA transport granules may be in part due to the assembly of 
oligomeric RNAs or RNPs, that can contain multiple, perhaps different, mRNAs and 
motors with the associated trans-acting factors. Oligomerization of RNAs within 
RNPs has been shown to be the case for osk mRNA, where intronless reporter 
mRNAs that contain only the osk 3'UTR can interact and 'hitch-hike' with 
endogenous osk mRNA to the posterior pole of the Drosophila oocyte (Hachet and 
Ephrussi, 2004). This 3'UTR-mediated oligomerization requires Hephaestus/PTB 
(discussed in chapter 5) and is needed for the translational repression of unlocalized 
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Figure 1.1 mRNA localization is a multi-step process (taken from Martin and 
Ephrussi, 2009). The pre-mRNA (exons in green; introns, 5' and 3'UTRs in grey) 
has cis-acting localization elements. These are usually in the 3'UTR and often form 
stem-loop structures. RNA-binding proteins (blue and purple) bind the pre-mRNA. 
In the nucleus, additional RNA-binding proteins (golden and dark blue) are added to 
form a ribonucleoprotein (RNP) complex. Following export into the cytoplasm, the 
RNP is remodeled as additional proteins (orange, dark purple) are added. In some 
cases, the RNP can form oligomers with other RNPs through protein-protein 
interactions. In the cytoplasm, RNPs are assembled into RNA granules that associate 
with motor proteins and are transported by cytoskeletal elements to their final 
destination. 
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osk mRNA (Besse et al., 2009). This is consistent with the purification of large, 
translationally repressed particles that contain multiple osk transcripts and are 
assembled via RNA-protein and protein-protein interactions from Drosophila ovary 
extracts (Chekulaeva et al., 2006). By using immunoelectron microscopy techniques, 
it has also been shown that grk mRNA, also in the Drosophila oocyte, is transported 
in particles that contain many individual RNA molecules assembled with numerous 
molecules of the Dynein motor and the trans-acting factor, Squid (Sqd) (Delanoue et 
al., 2007). 
Multiple different mRNAs can sometimes be targeted to the same subcellular 
destination by 'multiplexing' within the same RNA transport granules. It is has been 
shown, through simultaneous labeling of different mRNAs and proteins and tracking 
of single particles, that in S. cerevisiae the same Myo4p transport machinery 
localizes over 20 different mRNAs to the bud tip (Shepard et al., 2003). A similar 
process of multiplexing is also used in neurons for the dendritic targeting of multiple 
mRNAs by the A2 pathway (Gao et al., 2008). This pathway was initially identified 
as being responsible for MBP localization to the myelin compartment of 
oligodendrocytes (Ainger et al., 1993), and has since been shown to target numerous 
exogenous (Shan et al., 2003) and endogenous mRNAs to dendrites in neurons. 
The identity of the trans-acting factors involved in mRNA localization has been 
studied through genetic screens for genes required for mRNA localization, and by 
the biochemical purification of RNA granules or affinity purification of proteins able 
to bind localization elements or motor proteins. A number of the principal factors are 
discussed below. Factors more specifically required for grk mRNA localization will 
be discussed separately. 
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Staufen 
Staufen (Stau) was first identified in genetic screens searching for genes involved in 
pattern formation during Drosophila embryogenesis, and is required for the 
localization of bcd and osk mRNAs in the Drosophila oocyte (Frohnhofer and 
NUsslein-Volhard, 1987; St Johnston et al., 1991). Stau has five distinct double-
stranded RNA (d5RNA) binding domains (dsRBDs) of which dsRBDs 1, 3 and 4 bind 
dsRNA in vitro without any specificity (Micklem et al., 2000; St Johnston, 1992), 
indicating that additional proteins are required to achieve specificity. dsRBD2 and 
dsRBD5 were shown to have distinct roles in mRNA localization and translation of 
osk mRNA respectively (Micklem et al., 2000). dsRBD5 has also been shown to 
direct the actin-dependent localization of prospero mRNA to the basal cortex of 
Drosophila neuroblasts (Schuldt et al., 1998), indicating that distinct domains of 
Stau can mediate microtubule- and actin-based mRNA transport. 
Stau colocalizes with bcd at the anterior of the oocyte, appearing at the same stage as 
when the bulk of bcd mRNA is localized and can bind bcd mRNA through the highly 
structured localization elements within the bcd 3 'UTR (Ferrandon el al., 1994; 
Ferrandon et al., 1997). Stau is required for the later localization of bcd, and may 
also be required to anchor bcd on the transition from oogenesis to embryogenesis. 
Stau also localizes to the posterior pole of the Drosophila oocyte, in the same 
manner as osk mRNA (St Johnston et al., 1991). Indeed, Stau and osk are 
interdependent for their localization (Ferrandon et al., 1994), most likely through the 
interaction of Stau with the osk 3'UTR (Jenny et al., 2006). The role of Stau in 
mRNA localization is evolutionarily conserved, and Xenopus Staul (XStaul) 
associates with Vg] mRNA and by expression of a dominant-negative form of the 
protein, has been shown to be required for its localization to the vegetal pole of the 
oocyte (Yoon and Mowry, 2004). Expression of both XStaul and XStau2 peaks 
during mid-oogenesis when mRNA localization is taking place, and both proteins 
localize to the vegetal cortex (Allison el al., 2004). Mammalian Staul and 2 are 
involved in the targeting of neuronal mRNAs to dendrites, and are purified with 
complexes containing localized neuronal mRNAs (Düchaine et al., 2002; Furic el al., 
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2008; Tang et al., 2001). 
Nervous system trans-acting factors 
As described above, Stau is required for neuronal mRNA localization, and a number 
of other factors have also been shown to be important for mRNA localization in the 
nervous system. FMRP (Fragile X Mental Retardation Protein) is an RNA binding 
protein that contains two hnRNP K homology (KH) domains and one RGG 
(arginine-glycine-glycine) RNA binding domain. Mutations in FMRP result in 
Fragile X syndrome, the most common form of X-linked mental retardation. FMRP 
can bind to a number of localized transcripts, including MAPJb, PSD95 and its own 
mRNA, and has been shown to associate with Kinesin and to travel along 
microtubules (for review see Bassell and Warren, 2008). It is thought that FMRP 
plays a role in regulating the translation of its RNA targets, consistent with changes 
in several forms of synaptic plasticity in Fmrl null mice (Huber et al., 2002; 
Nosyreva and Huber, 2006). 
In oligodendrocy.tes, the identification of the 1 1-nucleotide RTE motif in the 3'UTR 
of MBP mRNA allowed the affinity purification of a protein specifically able to bind 
this sequence from rat brain (Hoek et al., 1998). This protein was identified as 
hnRNP A2, which led to the RTE also being named the A2 recognition element, or 
A2RE. Together, the A2RE and recognition of this motif by hnRNP A2 result in 
targeting of numerous mRNAs by the A2 pathway. 
Zipcode-binding proteins 
Zipcode binding protein, or ZBP 1, was first identified as a protein able to bind the 
zipcode of 6-actin mRNA in chick embryo fibroblasts (Ross et al., 1997). ZBP1 
contains two RNA Recognition Motif (RRM) domains required for the localization 
of f3-actin, and four KH domains that mediate binding to the zipcode, other trans-
acting factors and to the actin cytoskeleton (Farina el al., 2003). Orthologues of 
ZBP1 are present in Xenopus (Vera/VgIRBP) (Deshler et al., 1997; Deshler ci al., 
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1998), Drosophila (Imp) (Geng and Macdonald, 2006; Munro et al., 2006) human 
and mouse, and all are implicated in mRNA localization in Xenopus oocytes, 
Drosophila oocytes and neurons (Boylan et al., 2008) and mammalian fibroblasts 
and neurons (Zhang et al., 2001) respectively. A further zipcode-binding protein, 
ZBP2, was more recently purified from chick embryo brain extract also through the 
ability to bind the f3-actin zipcode. ZBP2 also contains KH domains and is a 
predominantly nuclear protein that influences f3-actin mRNA localization in the 
cytoplasm by facilitating the binding of ZBP1 to the transcript (Pan et al., 2007; Gu 
et al., 2002). Orthologues have been shown to exist in Xenopus (VgRBP71) (Kroll et 
al., 2002) and rat (MARTA1) (Rehbein et al., 2000), and like ZBP1 orthologues 
these are also thought to be involved in mRNA localization. VgRBP7 1 is able to 
bind the Vg] localization element and is thought to activate translation, whilst 
MARTA1 (MAP2-RNA-trans-acting protein) binds with high affinity to the 
dendritic targeting element (DTE) of the M4P2 transcript. 
The She proteins 
Genetic and biochemical analysis has identified a number of proteins able to bind the 
ASH] mRNA localization elements. Indeed, these proteins and their roles in mRNA 
localization are some of the best understood and characterized within the field. The 
RNA binding protein She2p is responsible for the recognition of bud-localized 
mRNAs, including ASH], via its interaction with a conserved motif in the 
localization elements of these transcripts (Olivier et al., 2005). She2p also interacts 
with the transport machinery, comprised of the type V myosin Myo4p, via the 
bridging protein She3p (BohI et al., 2000; Long et al., 2000; Takizawa and Vale, 
2000). Together, She2p, She3p and Myo4p form the 'locasome' that mediates 
trafficking of ASH! mRNA along the actin cytoskeleton. During localization, ASHI 
mRNA is translationally repressed by the proteins Khdlp (Irie et al., 2002) Loclp 
and Puf6p (Gu et al., 2004). Loclp and Puf6p are predominantly nucleolar proteins 
that bind to She2p in the nucleus where She2p recruits these factors to the ASH 1 
mRNA, providing a further example of how nuclear events can influence 
cytoplasmic localization. 
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Nuclear history 
Studies of a number of localized mRNAs suggest that cytoplasmic mRNA targeting 
can be initiated in the nucleus. Several trans-acting factors are nucleocytoplasmic 
shuttling proteins that associate with transcripts in the nucleus and subsequently 
direct mRNA targeting in the cytoplasm. Trans-acting factors involved in osk mRNA 
localization provide an example of this, and also of the dynamic nature of RNP 
assembly. Mago nashi (Mago) and Y 1 4/Tsunagi are components of the nuclear exon-
exon junction complex (EJC). The EJC proteins are deposited upstream of exon-exon 
junctions on mRNAs in a splicing-dependent manner and are thought to remain on 
the mRNA until the pioneer round of translation. These proteins, with Barentsz (Btz) 
(Van Eeden et al., 2001) and eIF4III (Palacios et al., 2004), are part of an osk 
localization complex (Hachet and Ephrussi, 2001; Mohr et al., 2001; Newmark and 
Boswell, 1994). The involvement of the EJC suggests proteins assembled during 
splicing direct the cytoplasmic localization of osk. Indeed, splicing of the first intron 
is required for posterior localization (Hachet and Ephrussi, 2004). Since Btz is 
cytoplasmic and Mago, Y14 and eIF4III are nuclear, it has been suggested that 
assembly of the RNP occurs in a stepwise manner. EJC components have also been 
shown to be present in the dendrites of mammalian neurons, and eIF4AIII is 
associated with neuronal mRNA granules and dendritically localized mRNAs 
(Giorgi et al., 2007; Glanzer et al., 2005; Macchi et al., 2003; Monshausen et al., 
2004). 
Similarly, transcript recognition and formation of a specific RNP complex in the 
nucleus is an early event in Vgl mRNA localization in Xenopus oocytes. Vegetal 
pole localization of VgJ mRNA is directed in part by the trans-acting factors 
'vTg1RBP60/hnRNP1/PTB (Cote el al., 1999) and Vera/VgIRBP (Deshler et al., 
1997). These factors bind to E2 and VM1 motifs in the VLE (Cote el al., 1999; 
Deshler el al., 1998; Kwon et al., 2002), and mutations in the VLE that disrupt 
binding lead to mislocalization of the VgJ transcript. lmmunoprecipitation of tagged 
VgIRBP60/hnRNP 1/PTB and Vera/VgIRBP revealed that both proteins associate 
with Vgl mRNA in the nucleus as well as the cytoplasm and that the RNP is 
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remodelled following its export to the cytoplasm (Kress et al., 2004). However, a 
strictly cytoplasmic form of the Drosophila orthologue of the nucleocytoplasmic 
shuttling protein VgRBP60/hnRNP I/PTB, Hephaestus (discussed further in Chapter 
5), is able to repress osk translation throughout localization (Besse et al., 2009), 
suggesting that nuclear function is not always required. 
Translational regulation 
For protein synthesis to be spatially restricted, translation of localizing mRNAs is 
silenced during transport, and activated once they reach their final destination. 
Translational regulation requires the presence of translational repressors that block 
translation at different steps, and that can be inactivated once translation is desirable. 
Several lines of evidence support this, including the accumulation of proteins 
encoded by localized mRNAs at the destination, the recruitment of translational 
repressors to transport RNPs (Chekulaeva et al., 2006; Gu et al., 2002; Nakamura et 
al., 2004; Paquin et al., 2007) the poor co-sedimentation of some localizing mRNAs 
in polysomal fractions (contain actively translated mRNA) (Chekulaeva et al., 2006; 
Krichevsky and Kosik, 2001) and the presence of EJC components (thought to be 
removed from mRNAs only after the pioneer round of translation) in transport RNPs 
in a number of systems (Giorgi et al., 2007; Hachet and Ephrussi, 2004). 
In a number of examples, translation of the mRNA is directly linked to localization. 
Translational activation can be achieved by local proteins that compete for binding to 
translational repressors at the final destination. For example, Osk protein at the 
posterior of the Drosophila oocyte may interact with the translational repressor of 
nos mRNA, Smaug, acting to alleviate the translational repression of nos mRNA 
(Zaessinger el al., 2006). Local post-translational modification of translational 
repressors at the final destination may also activate translation, as seen in the 
phosphorylation of ZBP I by Src kinase once /3-ac/in mRNA has been localized 
(HUttelmaier el al., 2005). Phosphorylation is restricted to sites of /3-actin translation 
and decreases the binding affinity of ZBPI for /3-ac/in. In other examples, 
translational control is temporally regulated, and translation occurs later in response 
to specific cues, rather than directly following localization. This has been shown 
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extensively in neurons, where subsets of localized mRNAs are translated in dendrites 
following synaptic activation (for reviews see Bramham and Wells, 2007; Klarm and 
Dever, 2004), or in developing axon growth cones in response to guidance cues (for 
review see Piper and Holt, 2004). In the Drosophila egg, bcd mRNA is translated at 
the anterior only upon egg activation (Sallés et al., 1994; Surdej and Jacobs-Lorena, 
1998). 
Translational repressors can block translation at different steps and a number of 
localized mRNAs are regulated by multiple redundant mechanisms to ensure precise 
translational control. Mechanisms of translational repression include general 
'masking' from the translational machinery by the formation of large RNP particles, 
as demonstrated for osk mRNA (Besse et al., 2009; Chekulaeva et al., 2006). A step 
frequently targeted by translational repressors is the association of the cap-binding 
protein eIF4E with the translation initiation factor eIF4G. Specific eIF4E-binding 
proteins (4E-BPs) are recruited to repressed mRNAs where they compete with eIF4G 
for eIF4E binding and block translation intiation (for review see Richter and 
Sonenberg, 2005). 4E-BPs include maskin protein, which acts on many maternal 
transcripts in Xenopus oocytes including cyclin B] and c-mos mRNAs (Stebbins-
Boaz et al., 1999), and may also repress translation of dendritically localized 
mRNAs in neurons (Huang et al., 2002; Wu et al., 1998). Maskin interacts with 
CPEB that in turn recognizes a uridine-rich CPE present in the 3'-UTR of selected 
mRNAs. Drosophila Cup is also a 4E-BP that acts to repress translation of osk and 
grk mRNAs through binding the RNA binding protein Bruno (Clouse et al., 2008; 
Nakamura el al., 2004). 
Changes in poly(A) tail length are also correlated with the translational efficiency of 
a number of localized mRNAs. ifl general, those transcripts containing short poly(A) 
tails (-20 nucleotides) are translationally dormant, but upon cytoplasmic poly(A) 
elongation these transcripts are translationally activated by the recruitment of 
poly(A)-binding protein (PABP). Poly(A) tail length is regulated in a number of 
dendritically localized mRNAs, for example, synaptic stimulation results in 
polyadenylation and translation of the CPE-containing CaMKIIcx mRNA at synapses 
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(Huang et al. 2002; Wells et al. 2001; Wu et al. 1998) through the action of CPEB as 
a positive regulator of translation. For bcd mRNA, elongation of the poly(A) tail has 
also been shown directly to be necessary for translation (Sallés et al., 1994). 
Translational control by non-coding RNAs and microRNAs 
Proteins are not the only trans-acting factors that can repress translation of localized 
mRNAs. Non-coding RNAs have now been shown to play a role in translational 
repression. The small non-coding brain cytoplasmic 1 (BC 1) RNA is expressed 
primarily in neurons. In situ hybridization studies of primary neuronal cultures have 
demonstrated that BC1 RNA is present throughout the cytoplasm from the soma to 
the distal processes of dendrites (Tiedge et al., 1991). Recent work has shown that 
BC1 RNA dendritic transport requires a 65-nucleotide dendritic targeting element 
(DTE) (Muslimov et al., 1997; Muslimov et al., 2006), occurs in ribonucleoprotein 
(RNP) particles (Cheng et al., 1996) that also contain PABP (Kondrashov et al., 
2005; Muddashetty et al., 2002), and is mediated by microtubules and molecular 
motors (Cristofanilli et al., 2006). BC 1 operates as a general translational repressor 
and is able to block the formation of 48S translation initiation complexes by 
targeting the eIF4A translation initiation factor (Wang et al., 2002). Specifically BC 1 
can uncouple the RNA unwinding activity of eIF4A from ATP hydrolysis, inhibiting 
the catalytic activity of eIF4A (Lin et al., 2008). BC  may also interact with FMRP 
(Zalfa et al., 2005) and specific mRNAs, and complementary regions for BCI have 
been found in Arc, CamKIJcx and M4PIb mRNAs. 
There is also a role for microRNA (miRNA)-mediated translational regulation in 
dendrites. In one study (Ashraf et al., 2006), the translation of dendritically localized 
Drosophila caMKlJa mRNA was shown to be regulated during olfactory learning. 
The involvement of small RNAs was suggested by the increase in Drosophila 
CaMKIJa protein in dicer-2 mutant brains. The CaMKIIa 3'UTR was also found to 
contain two putative miRNA-binding sites, indicating that binding of miRNAs might 
function to repress translation. Importantly, the same study found that components of 
the RNA silencing machinery were also present at synapses and further found that 
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one of these proteins, encoding the RNA helicase Armitage, was degraded at the 
synapse during learning. As this study investigated the translation of transgenes 
containing or lacking the entire CamKJIa 3'UTR in wild-type, dicer-2 and arm itage 
mutant brains, direct roles for the predicted miRNA binding sites, or for Armitage in 
the regulation of CamKJIa translation were not demonstrated. However, these 
findings can be used to propose a model in which persistent generation of miRNAs is 
required to repress translation of CamKJIa and that neuronal activity leads to 
degradation of components of the RNA interference machinery such that 
translational repression is lifted. Interestingly, mutations in armitage also result in 
the premature accumulation of Osk protein during early Drosophila oogenesis, and it 
was hypothesized that RNA silencing is required for translational control of osk 
mRNA in the oocyte. However, further investigation has since shown that the 
premature translation of Osk in armitage mutants can be suppressed by mutations in 
genes encoding DNA damage checkpoint proteins (Klattenhoff et al., 2007). 
Therefore, it is now thought that armitage mutations disrupt osk translational 
regulation through the activation of a DNA damage signaling pathway, and osk 
translational repression does not directly require RNA silencing involving Armitage. 
Armitage is required for the silencing of retrotransposons in the germline, and it is 
thought that loss of retrotransposon silencing could induce DNA double-strand 
breaks and therefore DNA damage signaling. 
In other studies, (Schratt et al., 2004, 2006) bioinformatics approaches were used to 
look for potential miRNA binding sites in a group of mRNAs that they had 
previously shown to be translated in cultured neurons in response to BDNF. This 
study found that the brain-specific miRNA miR-134 bound to sites in the 3'UTR of 
one of the mRNAs, encoding LimKinase 1 (LimKl), and that miR-134 represses 
translation of LimKi mRNA in dendrites. These findings are also consistent with 
miRNAs functioning to regulate translation at the synapse. Studies in non-neuronal 
cells have revealed that components of the RNA interference pathway and targets of 
miRNAs localize to "RNA processing bodies," or "P-bodies" (Liu el al., 2005). The 
relationship between P-bodies and RNA granules in neurons and oocytes is now a 
widely studied question. 
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The nature of RNA transport granules 
It has been proposed that maternal and neuronal RNA transport granules and 
anchoring structures are similar in composition, structure and function to each other 
and to RNA processing bodies (P bodies) and stress granules (Anderson and 
Kedersha, 2206; Kiebler and Bassell, 2006). P bodies were initially identified in 
different eukaryotic cell types as dynamic cytoplasmic sites for RNA degradation 
and storage of translationally repressed mRNAs (for review see Eulalio et al., 2007). 
They are characterized by the presence of translational repressors as well as enzymes 
and cofactors that promote mRNA decay (including the decapping enzymes DCP- 1 
and -2 and the 5'-3'-exoribonuclease Xrnl/Pacman), and also by the lack of 
ribosomal proteins. Mammalian P bodies have since been found to contain mRNAs 
under miRNA regulation, as well as components of the RISC complex (for example 
the Ago proteins) required for miRNA action. Stress granules form in the cytoplasm 
of plant and mammalian cells following environmental stress, consisting of stalled 
ribosomal translation initiation complexes, mRNAs encoding most cellular proteins 
and translation initiation factors (Anderson and Kedersha, 2006). 
Maternal and neuronal RNA granules have been shown to share a number of 
components. These include Drosophila Imp (an orthologue of Xenopus Vg 1 RBP and 
chicken ZBP1), Stau, FMRP, Barentsz, Cup, eJF4E and Me3lB/Dhhlp. As the 
DEAD-box RNA helicase Me3IB/Dhhlp is also a P body protein that inhibits 
translation and promotes decapping-mediated mRNA decay, it was hypothesized that 
there are similarities between maternal and neuronal RNA granules and P bodies, 
and that many RNA granules share a core composition and function (Barbee et al., 
2006; Kiebler and Bassell, 2006; Snee and Macdonald, 2009). Maternal and neuronal 
RJNA granules were shown to contain two classic P body markers Xrni/Pacman and 
DCP-1 in colocalization experiments and in some instances mRNAs localized to 
dendrites may be regulated by miRNAs (Ashraf et al., 2006). Similarly, stress 
granules contain a number of RNA binding proteins involved in mRNA localization 
and localized translation, including Stau, FMRP and CPEB (Anderson and Kedersha, 
2006). Together, these results suggest that there is a core complex and that this core 
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can be modified and elaborated upon in different biological contexts. 
This idea has been challenged by studies in mammalian neurons that showed that 
neuronal localizing Stau-containing granules and P bodies are distinct structures that 
can transiently and dynamically interact in a process controlled by neuronal activity 
(Zeitelhofer et al., 2008). Furthermore, there is a lack of colocalization between Xrn-
l/Pacman and DCP-2 with osk mRNA in Drosophila oocytes (Lin et al., 2008), 
although DCP- 1 has been shown to be a component of the osk RNP, and is required 
for osk transport to the posterior pole of the Drosophila oocyte (Lin et al., 2006). In 
conclusion, there are a number of cytoplasmic bodies within oocytes, neurons and 
other cells that are involved in the regulation of mRNA. Whether these are distinct 
bodies that can interact and 'swap' components, or whether these are all related and 
represent different assemblies of the same highly dynamic structure of core proteins 
that can be elaborated upon is still very much open to debate. 
mRNA anchoring at the final destination 
The role of the cytoskeleton in mRNA anchoring 
In a number of examples, the actin cytoskeleton has been implicated in the tethering 
of the localized mRNA at the final destination. Examples include fl-actin mRNA in 
fibroblasts (Farina et al., 2003), Arc mRNA in veterbrate neurons (Huang el al., 
2007) and ASH] mRNA at the bud tip in S. cerevisiae (Beach et al., 1999). In 
Drosophila, it is thought that cortical microfilaments could be involved in the 
retention of osk and bcd mRNAs at the posterior and anterior of the oocyte 
respectively. Genetic screens have identified two actin-binding proteins, Moesin and 
Tropomyosinil (Tin-01 1 ) that are required for the localization of ask rnRNA at the 
posterior of the oocyte (Erdelyi el al., 1995; Jankovics ci al., 2002). Tropomyosin 
proteins are involved in actin-based motility in muscle, and associate with actin in 
nonmuscle cells. A P element allele of Drosophila Tm]] leads to mislocalization of 
ask to the anterior of the oocyte, although there is no evidence of a direct role for 
TmIl in the anchoring of osk mRNA (Erdelyi el al., 1995). Mutations in the 
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Drosophila moesin gene result in mislocalization of osk mRNA to a scattered 
distribution near the posterior pole of the oocyte and also in the detachment of the 
subcortical actin network from the cell membrane, suggesting that Moesin is required 
for both osk anchoring and for cross-linking of the actin network to the cell 
membrane (Jankovics et al., 2002). The majority of bcd mRNA is localized to the 
anterior late in oogenesis, where it is maintained by a process of continual active 
transport by Dynein (Weil et al., 2006; Weil et al., 2008). Even later in oogenesis, 
this movement declines and the mRNA forms large, stationary foci at the anterior 
cortex. This stable cortical anchoring is sensitive to pharmacological disruption of 
the actin cytoskeleton. 
Pharmacological disruption of the cortical actin cytoskeleton also disrupts Vg] 
mRNA anchoring at the vegetal cortex of the Xenopus oocyte (Alarcon and Elinson, 
2001). Depletion of Xisirt and VegT RNAs by antisense oligonucleotides also 
showed that these transcripts are required for the anchoring of Vg] mRNA through 
their structural role in the organization of the cytokeratin cytoskeleton (KIoc et al., 
2005). 
The role of the motor in mRINA anchoring 
Microtubules, and not actin, are required for the anchoring of apically localized 
mRNAs in the Drosophila blastoderm embryo (Delanoue and Davis, 2005). In a 
novel role for a molecular motor, Dynein colocalized with the apical mRNAs and 
injection of an inhibitory anti-Dynein antibody showed that Dynein is required for 
retaining the mRNA cargo in the apical cytoplasm. Here, Dynein acts as a static 
anchor and apical maintenance of the mRNA does not require Dynein motor activity 
(Delanoue and Davis, 2005). Similarly, Dyncin is also required for the static 
anchoring of grk mRNA at the dorso-anterior of the Drosophila oocyte (Delanoue et 
al., 2007). 
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The localization of grk mRNA 
mRNA localization pathways play a central role in axis determination in Drosophila 
(St Johnston and NUsslein-Volhard, 1992). Patterning of both the A-P and D-V axes 
are initiated by grk mRNA localization within the Drosophila oocyte. Given the 
importance of grk localization for Drosophila development, this will be used as a 
model for understanding the signals and trans-acting factors required for the 
localization of mRNAs. Before this can be discussed in greater detail, the process of 
Drosophila oogenesis must first be considered. 
Drosophila oogenesis 
A Drosophila ovary is composed of a cluster of 16-20 ovarioles, each of which 
contains a series of egg chambers that progressively increase in maturity in an 
anterior to posterior direction (King, 1970; Spradling, 1993) (Fig. 1.2). The egg 
chamber is the functional unit of oogenesis, and is the product of stem cell divisions 
at the very anterior tip of the ovariole in a region known as the germarium (Fig. 1.3). 
The germarium 
The germarium is divided into four regions that are defined by the developmental 
stage of the cyst. A germline stem cell (GSC) in region I divides asymmetrically to 
produce a cystoblast and a new GSC. The cystoblast then commences a pattern of 
cell division very different to that of the sister stem cell and undergoes precisely four 
mitotic divisions with incomplete cytokinesis. This results in a cyst of 16 germline 
cells that are interconnected by cytoplasmic bridges called ring canals. Once the 16-
cell cyst has formed it moves into region 2a of the germarium. The topology of these 
mitotic divisions means that two cells have four ring canals (being connected to each 
other and to three other cells), two cells with three, four cells with two and eight cells 
with one ring canal. The cells with four ring canals are termed 'pro-oocytes' as one 
of these will always differentiate as the oocyte and enter meiosis by region 2b. The 











Figure 1.2 The Drosophila ovary and stages of oogenesis. (A) Schematic of the 
/)rosophila ovaries (modified from King. 1970). Each ovary consists of 16-20 
ovarioles, each of which contains a series of egg chambers that increase in maturity 
in an anterior to posterior direction. (B) Stages of egg chamber development, adapted 
from Prasad el al., 2007. The oocyte (o) is outlined in stages 8-10, and the position of 














Pro-oocyte selection 	 Nurse cells 
Figure 1.3 Drosophila early oogenesis and the germarium (adapted from Huynh 
and St Johnston, 2004). An egg chamber is made up of 16 germline cells surrounded 
by a single layer of follicle cells. The egg chambers are produced in the germarium, 
at the anterior of the ovanole. The germanium is divided into 4 developmental 
regions. The germline stem cells at the anterior tip of the germanium divide to 
produce cytoblasts, which divide four more times in region I to produce 16 cell 
germline cysts that are c onnected by ring canals and the fusome (red branched 
structure). In early region 2a, the synaptonemal complex (SC, red rings) forms along 
the chromosomes of the 2 cells with 4 ring canals (the pro-oocytes) as they enter 
meiosis. The SC then appears transiently in the 2 cells with 3 ring canals, before 
becoming restricted to the pro-oocytes in late region 2a. By region 2b, the oocyte has 
been selected, and is the only cell to remain in meiosis. In region 2a, cytoplasmic 
proteins, mRNAs, mitochondna (green), and the centrosomes (blue circles) 
progressively accumulate in the oocyte. The follicle cells (grey) also start to migrate 
and surround the germline cells. As the cyst moves down to region 3, the oocyte 
adheres strongly to the posterior follicle cells, resulting in its posterior position 
within the egg chamber. A, anterior, P, posterior. 
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during oogenesis is to synthesize and transport materials that are required for the 
growth and development of the oocyte. In addition, follicle cell stem cells in the 
germarium give rise to precursor follicle cells. These encapsulate the cyst in a 
somatic follicular epithelium and also separate individual cysts. Follicle cells later 
secrete the eggshell and also play an important role in establishing the future 
embryonic body axes through cell-cell communication with the germline. 
Oocyte specification 
The selection of the oocyte is the first 'symmetry-breaking' step in Drosophila 
development, and is therefore the first step in the establishment of the main body 
axes (for review see Huynh and St Johnston, 2004). The progress of oocyte 
specification can be followed by a number of markers. The synaptonemal complex, 
which marks cells in meiosis, appears first in the two pro-oocytes, then in additional 
cells, and finally is restricted to the oocyte (Carpenter, 1975; Hong et al., 2003; 
Huynh and St Johnston, 2000; Page and Hawley, 2001). Other oocyte-specific 
proteins such as BicD, Egi, Btz and Cup and mRNAs such as os/c, BicD, and orb also 
first concentrate in the pro-oocytes and finally concentrate in just the oocyte by the 
end of region 2a (Ephrussi et al., 1991; Keyes and Spradling, 1997; Lantz et al., 
1994; Suter et al., 1989; van Eeden et al., 2001; Wharton and Struhi, 1989). The 
same is also true of the centrioles (Bolivar et al., 2001) and of mitochondria (Cox 
and Spradling, 2003). Furthermore, microtubules are initially diffusely distributed 
throughout the cyst, and the minus ends are gradually restricted to the future oocyte 
(Bolivar el al., 2001; Grieder el al., 2000). Oocyte specification is a complex 
process, and there is evidence for three processes acting in parallel to restrict oocyte 
fate to one cell. Firstly, the future oocyte is labelled from the first stem cell division 
by a branched, membranous structure known as the fusome, and the future oocyte 
contains more fusome material than the fifteen neighbouring cells (de Cuevas and 
Spradling, 1998). This structure is made up of membranous vesicles kept together by 
high levels of cytoskeletal proteins including ci-spectrin (de Cuevas el al., 1996; Lin 
etal., 1994), 3-spectrin, ankyrin (de Cuevas el al., 1996) and an adducin-like protein 
encoded by the hu-1i tai shao (his) gene (Lin et al., 1994; Petrella el al., 2007). The 
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fusome polarizes dynamic microtubules that are required, with Dynein and its 
associated proteins including Egl and BicD, for the localization of proteins and 
mRNAs into one cell (Bolivar et al., 2001; Grieder et al., 2000; Mach and Lehmann, 
1997; McGrail and Hays, 1997; Navarro et al., 2004; Ran et al., 1994; Swan et al., 
1999; Theurkauf et al., 1993). Secondly, the fusome also associates with acetylated, 
stable microtubules and with the Spectroplakin Short stop (Shot), and centrioles 
migrate along these microtubules in a process that also requires Dynein (Bolivar et 
al., 2001; Roper and Brown, 2004). Thirdly, the fusome directs entry of the oocyte 
into meiosis in a process that requires Dynein, BicD and Egi, but is independent of 
microtubules (Bolivar et al., 2001; Carpenter, 1994; Huynh and St Johnston, 2000). 
Oocyte selection has taken place by the time the cyst reaches region 2b of the 
germarium. Beyond specification, a number of factors have been shown to be 
required for the maintenance of oocyte fate. For example, in par-] mutants, the 
oocyte de-differentiates to adopt the nurse cell fate (Cox et al., 2001; Huynh et al., 
2001). In region 2b the cyst changes shape to become a one-cell thick disc spanning 
the width of the germarium, whilst a layer of somatic, epithelial follicle cells 
surround the cyst. The cyst then moves into region 3 of the germarium, also defined 
as stage 1 of oogenesis, where it rounds up to form a sphere in which the oocyte 
always lies at the posterior. The cyst now leaves the germarium and enters the 
vitellarium, where the egg chambers mature as they move posteriorly through the 
ovariole in 14 morphologically distinct phases (for a full description of each stage of 
oogenesis and the morphological changes see King, 1970; Spradling, 1993). 
The vitellarium 
Both the germline oocyte and nurse cells and the somatic follicle cells undergo 
morphological changes throughout oogenesis. The oocyte nucleus proceeds through 
meiotic prophase, forming a compact structure known as the karyosome. The nurse 
cell nuclei increase in size by multiple rounds of endoreplication and become highly 
polyploid. From stage 1-6, there is growth of both the nurse cells and oocyte. 
However, by stage 7, the oocyte increases in size relative to the nurse cells-by stage 
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10A it will occupy half of the egg chamber. This is due to a supply of nurse cell 
produced proteins, mRNAs and organelles moving into the oocyte via the ring 
canals. At stage lOB, this transport becomes rapid and nonselective, and is defined as 
dumping. The size of the oocyte also increases due to the uptake of yolk protein 
synthesised by the follicle cells from stage 8. 
During oogenesis, distinct populations of follicle cells arise which vary in their 
function and in their pattern of migration (for review see Horne-Badovinac and 
Bilder, 2005; Wu et al., 2008). Stalk cells and polar cells arise from the precursor 
cells that migrate between cysts. Stalk cells separate individual egg chambers, whilst 
polar cells reside at the anterior and posterior termini of egg chambers. Around stage 
5, polar cells induce the epithelial follicle cells at the ends of the egg chamber to 
become terminal follicle cells as opposed to the mainbody follicle cells. The 
posterior terminal cells respond to signals from the oocyte in a grk-dependent 
process that ultimately establishes the embryonic body axes. At the beginning of 
stage 9, the anterior polar cells recruit 4-6 adjacent follicle cells to become border 
cells that delaminate from the epithelium and migrate posteriorly between the nurse 
cells. Concurrent with border cell migration, mainbody follicle cells migrate 
posteriorly to cover the oocyte. These cells become columnar and form a secretory 
epithelium that sequentially deposits the eggshell. Around 50 anterior terminal cells 
stretch flat to cover the nurse cells and are known as 'stretched cells'. At stage lOB a 
population of columnar follicle cells, known as centripetal cells, migrate inward at 
the oocyte-nurse cell boundary. These elongate apically over the oocyte surface and 
eventually form the operculum for larval exit at the anterior of the mature egg. 
The most complex set of migrations form the dorsal appendages of the mature egg 
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cells are specified around stages 9-10 as a result of grk-dependent processes involved 
in axis specification. In each patch, two cell types, the floor cells and roof cells 
cooperate to form a tube that extends anteriorly. Chorion proteins are secreted into 
the lumen of each tube, and by stage 13, a flattened paddle is formed at the anterior 
(for review of eggshell patterning and morphogenesis see Berg, 2005). Also at the 
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anterior of the mature egg is a micropyle that is needed for sperm entry. Once egg 
maturation is complete, the nurse cells and follicle cells undergo apoptosis. 
grk localization and axis determination in the Drosophila oocyte 
grk encodes a TGF-a family member (Neuman-Silberberg and SchUpbach, 1993) 
that acts as a secreted oocyte ligand for the epidermal growth factor receptor, 
Torpedo (Top) (SchUpbach, 1987). RNA in situ hybridization (Neuman-Silberberg 
and Schupbach, 1993), RNA injection (MacDougall et al., 2003) and most recently 
fluorescent labelling of engodenous grk (Jaramillo et al., 2008) have been used to 
follow grk mRNA localization during oogenesis and show that the pattern of grk 
localization changes during the progression of oogenesis (Fig. 1.4). These changes 
reflect the dual role of grk in axis specification, allowing for two rounds of signalling 
between the oocyte and specific sets of somatic follicle cells. 
There has been some evidence of grk transcription in the oocyte nucleus (Saunders 
and Cohen, 1999), although it is now clear that grk mRINA is transported from the 
nurse cells into the oocyte (Clark et al., 2007). In early oogenesis (stages 1-7) grk is 
transported into the oocyte and is localized in a posterior crescent between the 
nucleus and the overlying follicle cells (Neuman-Silberberg and Schupbach, 1993). 
Local translation of grk and signalling to these adjacent terminal follicle cells by Grk 
results in the adoption of a posterior fate instead of the default anterior fate 
(Gonzalez-Reyes and St Johnston, 1998). The posterior follicle cells then signal back 
to the oocyte. Although the precise nature of this signalling event is unknown, 
members of the Salvaldor Warts Hippo (SWH) tumor-suppressor pathway (Meignin 
et al., 2007; Polesello and Tapon, 2007) such as Merlin (MacDougall et al., 2001) 
are required in the posterior follicle cells for the induction of axis specification in the 
oocyte. The final result of this signalling is the repolarization of the oocyte 
microtubule network. The MTOC appears to be at the posterior of the oocyte in 
stages 1-7, as indicated by a number of microtubule minus end markers (Clark el al., 
1994; Clark et al., 1997; Theurkaufei al., 1992). Following posterior Grk signalling, 
this MTOC disassembles and a diffuse anterior MTOC forms (Brendza et al., 2000; 
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Clark et al., 1997). The reorganization of the microtubule network is required for the 
migration of the oocyte nucleus to a dorso-anterior position (Gonzalez-Reyes et al., 
1995; Roth et al., 1995). As the oocyte nucleus migrates to the anterior corner, grk 
transiently accumulates at the anterior margin of the oocyte in stage 8, finally 
localizing in a dorso-anterior perinuclear cap (Jaramillo et al., 2008; MacDougall et 
al., 2003; Neuman- Silberberg and SchUpbach, 1993) at stage 9. At this stage, local 
translation and the second Grk signal causes the overlying mainbody follicle cells to 
adopt a dorsal cell fate, allowing at a later stage for the correct specification and 
positioning of anterior and dorsal chorion structures, such as the dorsal appendages. 
Microtubule polarity also determines the site of localization of bcd and osk 
transcripts which localize to the anterior and posterior of the oocyte respectively 
(Fig. 1.4). Anterior bcd localization is required for the formation of a morphogenetic 
gradient of Bcd protein in the early embryo for specification of the head and thorax 
(Berleth et al., 1988; Driever and NUsslein-Volhard, 1988). Similarly, osk 
localization at the posterior of the oocyte is required for the specification of the 
future germ cells and posterior structures (Ephrussi et al., 1991; Kim-Ha et al., 
1991). Osk does not seem to play a direct role in determining cell fate in the embryo 
but recruits many other proteins and mRNAs to the posterior pole. 
The mechanism of grk localization 
The first evidence for active transport of grk RNA on cytoskeletal elements was the 
disruption of grk localization by overexpression of p50/Dynamitin (Januschke et al., 
2002; King and Schroer, 2000), supporting a role for Dynein in the localization of 
grk. An in vivo assay, consisting of the injection of fluorescently labelled RNAs 
L. L.. 
uireetiy into iiving egg eiiaiiioeis, developed by LIIC Davis JaUOIaLOJy to allow icai- 
time visualization of RNA movement, has shown that injected grk RNA localizes to 
the dorso-anterior corner of oocytes by active transport. These studies, in stage 8 and 
later oocytes, allowed the visualization of the assembly of injected grk RNA into 
discrete particles and the minus end directed movement of these particles along 
microtubules in two Dynein dependent steps (MacDougall et al., 2003). The firs 
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Figure 1.4 Schematic of the three mRNA localization pathways responsible for 
axis determination in Drosophila (modified from Lasko, 1999). mRNA is shown in 
blue. bcd mRNA localization tothe anterior of the oocyte from stage 8 onwards is 
required for the formation of a morphogenetic gradient of Bcd protein in the early 
embryo for specification of the head and thorax. osk mRNA localization at the 
posterior of the oocyte from stage 9 onward is required for the specification of the 
future germ cells and posterior structures. grk mRNA localizes first at the posterior 
of the oocyte until around stage 7 of oogenesis, but by stage 9, grk has accumulated 
in a pennuclear cap at the dorso-anterior corner of the oocyte. Grk signalling at the 
posterior and at the dorso-anterior corner initiates patterning of both the anterior -
posterior and dorsal-ventral axes. The numbers below each egg chamber refer to the 
stage of oogenesis. fc, follicle cells; nc, nurse cells; oo, oocyte. 
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step was through the interior of the oocyte from the posterior to the anterior, and the 
second, turning and moving toward the nucleus to the dorso-anterior cap. Each of 
these steps was thought to be mechanistically distinct, perhaps occurring on distinct 
arrays of microtubules. The same injection techniques were used to show that the 
transport of grk from the nurse cells to the oocyte is microtubule-, BicD- and 
Dynein-dependent, and that grk RNA recruits the Dynein-associated proteins EgI and 
BicD in the nurse cells (Clark et al., 2007). 
Labelling of endogenous grk has shown that posteriorly localized grk during early 
oogenesis and anteriorly localized grk in mid-oogenesis is dynamic, and that when 
Dynein is compromised, motility is reduced and localization disrupted (Jaramillo el 
al., 2008). The dependence of grk mRNA localization on Dynein and microtubules is 
also consistent with the visualization of multiple molecules of grk mRNA in electron 
dense 'transport particles' within stage 9 oocytes by electron microscopy that also 
contain Dynein and the Dynein motor cofactors EgI and BicD (Delanoue et al., 
2007). These particles are found near microtubules and not in proximity to 
membrane bound organelles, suggesting that grk transport particles are the motor 
cargo, and that they are not hitchhiking on another membranous cargo. A screen of a 
phage display ovarian cDNA library for binding to grk 3'UTR has also suggested 
that the Dynein light chain DDLC1 can bind gurken mRNA (Rom el al., 2007), 
which would be consistent with direct transport of grk by Dynein. Dynamic 
behaviour of grk subsides as oogenesis progresses reflecting the conversion of 
transport particles to static sponge bodies, where Dynein acts as a stable anchor for 
grk mRNA at the dorso-anterior cap. 
grk has been shown to be anchored in large (up to 2.5 trn in size) cytoplasmic 
structures visible using electron microscopy of oocyte sections (Delanoue ci al., 
2007). These structures were previously described as 'sponge bodies' due to their 
sponge-like appearance using electron microscopy and were found to contain RNA 
and Exuperentia (Exu), a protein implicated in bcd localization (Wilsch-Brauninger 
ci al., 1997). Sponge bodies are present throughout the oocyte and nurse cell 
cytoplasm (the majority of grk mRNA is concentrated in sponge bodies at the dorso- 
42 
Chanter I 	 Introduction 
anterior corner of the oocyte), and consist of strands of electron-dense material 
interdigitated with cytoplasm and ER-like cisternae, often flanked by microtubules. 
Dynein is present in these sponge bodies and inhibitory antibody injection/analysis 
of Dynein mutants showed that Dynein is required for the structural integrity of these 
structures (Delanoue et al., 2007). 
Trans-acting factors required for grk localization 
Female sterile genetic screens have identified a number of trans-acting factors 
required for grk mRNA localization in the Drosophila oocyte. Whilst some grk 
mislocalization phenotypes appear to be a result of cytoskeletal defects, such as those 
seen in cappuccino (capu) and spire (Manseau and Schupbach, 1989), others play a 
more direct role in the localization of grk, including squid (sqd) and K1O. Mutations 
in sqd and KJO have the opposite effect on dorso-ventral polarity than those in grk or 
top, in that a gain of function dorsalization phenotype is observed (Kelley, 1993; 
Neuman-Silberberg and Schupbach, 1993; Serano et al., 1995; Wieschaus et al., 
1978). In sqd and K1O egg chambers grk mRNA is mislocalized to the anterior of the 
oocyte, failing tocomplete localization to the dorso-anterior corner. The mislocalized 
mRNA is also ectopically translated, which results in ectopic Grk signalling around 
the entire circumference of the oocyte. This in turn, results in dorsal and ventral 
follicle cells adopting a dorsal fate, leading to the production of dorsal appendage 
around the entire circumference of the oocyte. Indeed, the name sqd derives from the 
squid-like appearance of the eggs. 
Sqd functions in grk mRNA localization, anchoring and translational repression 
Sqd, also known as Hrp40 (Matunis et al., 1994; Matunis ci al., 1992a: Matunis et 
al., 1992b), encodes an hnRNP whose homologues include vertebrate hnRNP A I /A2 
and hnRNP D. hnRNPs are a large family of RNA binding proteins that are involved 
in all steps of RNA processing, including transcriptional regulation, splicing, 3'-end 
processing, nucleocytoplasmic transport. localization, translation and stability. Sqd 
contains two RNP consensus RNA Binding Domains (RBDs) and an M9 
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nucleocytoplasmic shuttling motif (Dreyftiss, 2002; Krecic and Swanson, 1999; 
Matunis etal., 1992b). 
Consistent with a role in grk localization, immuno-electron microscopy techniques 
have shown that Sqd is present in grk transport particles with Dhc, Egl and BicD 
(Delanoue et al., 2007). Injection of grk RNA can also leads to an enrichment of Sqd 
at the dorso-anterior corner, indicating that Sqd is recruited to the dorso-anterior 
corner through its association with grk mRNA. UV cross-linking experiments have 
also shown that Sqd and grk mRNA can interact directly. Sqd is also required for the 
static anchoring of grk mRNA at the dorso-anterior corner, and is present in sponge 
bodies (Delanoue el al., 2007). The inhibition of Sqd following the full localization 
and anchoring of injected grk RNA leads to the conversion of sponge bodies to 
transport particles and in sqd mutants, mislocalized grk mRNA at the anterior of the 
oocyte is also found in transport particles rather than sponge bodies. This is 
consistent with the results of FRAP experiments with both injected grk RNA 
(Delanoue et al., 2007) and labelled endogenous grk mRNA (Jaramillo et al., 2008) 
that show that mislocalized anterior grk mRNA in sqd mutants is in continual flux 
rather than statically anchored. Together, these experiments indicate that Sqd has a 
role in maintaining the integrity of anchoring structures, and may play a role in 
promoting and facilitating the reorganization of transport particles into sponge 
bodies. 
The sqd gene is alternatively spliced to produce three protein isoforms, A, B and S. 
These proteins are identical over the majority of the protein, including the RBDs, and 
differ at the C terminus. Sqd A uses an alternative 3' exon to give a unique C 
terminus, where B and S differ in a strong consensus M9 shuttling motif present in 
Sqd S. All three isoforms contain a glycine-rich domain at the C-terminus. When the 
separate functions of each isoform were studied by rescue experiments in a sqd 
mutant background that lacks expression of all three isoforms in the germline, 
(Matunis el al., 1994), Sqd A and S were shown to act together in the localization 
and translational control of grk (Norvell el al., 1999). Sqd S could rescue the pattern 
of grk and Ork localization, whilst Sqd A, although showing little rescue of mRNA 
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localization, did rescue localization of Grk protein. Sqd B could rescue neither. 
Interestingly, Sqd B and S accumulate in oocyte and nurse cell nuclei, whilst Sqd A 
is cytoplasmic. The model proposed for Sqd action involves the association of Sqd S 
with grk to facilitate cytoplasmic localization, whereas Sqd A associates to facilitate 
translational regulation. Consistent with this is a recent study using germline genetic 
mosaics to ask whether Sqd functions in the oocyte or in the nurse cells of the egg 
chamber to regulate grk mRNA. This study showed that grk is translationally 
repressed during localization, and that this repression depends upon the function of 
Sqd A in the nurse cells (Caceres and Nilson, 2009). 
The translational regulators, PABP and Cup can interact with each other and with 
Sqd both biochemically and genetically, providing further evidence for the role of 
Sqd as a translational regulator (Clouse et al., 2008). PABP and cup mutants lay 
ventralized and dorsalized eggs respectively. Both grk mRNA and Grk protein are 
inefficiently localized in cup mutants indicating that Cup is required for translational 
repression of unlocalized grk mRNA. cup mutants enhance the dorsalization 
phenotype of weak sqd alleles, supporting a model wherein Cup functions with Sqd 
.to mediate translational repression of grk mRNA. PABP mutants enhance the 
ventralization phenotype seen for both grk null heterozygotes and encore (enc) 
mutant homozygotes (here, grk is mislocalized to the anterior, but in contrast to the 
situation in sqd mutants, remains translationally repressed, Hawkins et al., 1997), 
suggesting that PABP and Encore function together to activate translation of grk 
mRNA, working antagonistically to Cup and Sqd. This is further supported by the 
interaction of the two proteins in ovarian extracts (Clouse et al., 2008), and the 
colocalization of Enc protein with grk mRNA at the dorso-anterior of the oocyte 
(Van Buskirk et al., 2000). 
An in vitro interaction has also been observed between Sqd and the translational 
repressor Bruno (Norvell el al., 1999) and Bruno has also been shown to bind Cup 
(Nakamura el al., 2004). Bruno represses Grk translation and binds to the grk 3'UTR 
through Bruno Response Elements (BREs) (Filardo and Ephrussi, 2003). A number 
of other proteins are also thought to be involved in the translational regulation of grk, 
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and these include the RNA helicase Vasa (Johnstone and Lasko, 2004; Tinker et al., 
1998; Tomancak etal., 1998), (shown to be able to bind Bruno; Webster et al., 1997) 
and Orb (Chang et al., 2001). 
The role of K10 in grk mRNA localization is less clear. K10 encodes a nuclear 
protein with helix-loop-helix domains, and is therefore predicted to interact with 
DNA (Cheung et al., 1992; Prost et al., 1988; Serano et al., 1995). Interestingly, Sqd 
accumulation in the oocyte nucleus is abolished in K1O mutants (Norvell et al., 
1999), suggesting that the defect in grk localization in these mutants might be due to 
a defect in Sqd S distribution. K10 and Sqd can physically interact (Norvell et al., 
1999) and FRAP experiments with labelled endogenous grk mRNA in K10 mutants 
show that mislocalized anterior grk mRNA in K 10 mutants is dynamic rather than 
stably anchored, as is the case for the sqd mutant (Jaramillo et al., 2008). This 
suggests a model in which Ki 0 and Sqd S form a complex that is required for grk 
mRNA localization and anchoring. 
Hrb27C (also known as Hrp48), also a member of the hnRNP family, has also been 
to shown to interact with Sqd (Goodrich et al., 2004). Like sqd mutants, hrb27C 
mutants lay dorsalized eggs, and Hrb27C can directly bind to the grk 3 'UTR. 
Hrb27C also interacts with Ovarian tumour (Otu) in coimmunoprecipitation 
experiments (Goodrich et al., 2004), and a missense allele of otu shows grk 
localization and dorsalization defects (Goodrich et al., 2004). The mutation lies in 
the tudor domain of Otu, an element present in proteins with putative RNA binding 
abilities. Furthermore, Hrb27C interacts with the translational repressor Glorund 
(Gb) and the splicing factor Half-pint (Hfp) (Kalifa et al., 2009). It has been 
suggested that these proteins form a distinct complex to the Sqd/Hrb27C/Otu 
complex that functions in grk mRNA localization by regulating the alternative 
splicing of olu. 
Imp is associated with both Sqd and Hrb27C, is able to bind to the grk 5'UTR, 
S'coding region and the 3'UTR and is concentrated at the dorso-anterior corner of 
the oocyte. Imp mutants show that Imp does not have an essential role in grk mRNA 
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localization, but are able to suppress the dorsalization defect of K10 mutants (Geng 
and Macdonald, 2006). Overexpression of Imp results in dorsalization of the 
eggshell, suggesting that Imp does contribute to grk mRNA localization and 
translational regulation, but that this role may be redundant. Dorsalization of 
eggshells laid by Imp overexpressing females is due to the mislocalization of grk 
mRNA and protein at the anterior in stage 9, although this improves slightly as 
oogenesis progresses. Therefore excess Imp and loss of Sqd or Hrb27C have the 
same effects on the patterning of the eggshell and on grk mRNA. It was suggested 
that this could be due to competition, either at the level of RNA binding, or later in 
the localization process (perhaps in sponge body formation) between Sqd and 
Hrb27C, and Imp. 
Similarities between grk and os/i trans-acting factors 
Many of the factors described above are also involved in osk mRINA localization and 
translational regulation. Sqd (Norvell et al., 2005), Hrb27C (Huynh et al., 2004; 
Yano et al., 2004) and possibly Imp (Munro et al., 2006) regulate the efficient 
localization and translational regulation of osk in a similar manner as observed for 
grk. Indeed, Hrb27C has been shown to be essential for the formation of osk 
transport particles (Zimyanin et al., 2008). Otu and Glo are also required for the 
localization of osk (Kalifa et al., 2009; Tirronen et al., 1995). Orb is required for the 
translational activation of both grk and osk mRNAs (Chang et al., 2001; Christerson 
and McKearin, 1994), whilst Vasa is required for the accumulation of osk mRNA in 
the oocyte and for the translational activation of localized grk mRNA (Styhler et al., 
1998; Tomancak et al., 1998). UAP56 is another RNA helicase that is required for 
both osk and grk mRNA localization (Meignin and Davis, 2008). 
Previous studies have also shown that Bruno is also able to bind BREs in the osk 
3'UTR, and mutations in these BREs reduce Bruno binding and result in ectopic Osk 
accumulation in the oocyte (Castagnetti et al., 2000; Kim-Ha el al., 1995). Bruno 
mediates translational repression via two mechanisms (Chekulaeva et al., 2006). The 
first is the cap-independent packaging of osk into large silencing particles containing 
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multiple osk mRNA molecules, described earlier. The second is through the 
interaction of Bruno with Cup (Nakamura et al., 2004). Cup is a 4E-BP that interacts 
with several factors known or thought to be associated with osk localization and 
translation, including Me3 1 B (Nakamura et al., 2001; Nakamura et al., 2004). osk 
mRNA is prematurely translated in cup mutants (Nakamura et al., 2004; Wilhelm et 
al., 2003). It has been proposed that Cup binds directly to the cap-binding protein 
eIF4E, and interferes with the association of eIF4E and eIF4G, preventing translation 
initiation. Mutant flies where the Cup interaction with eIF4E is disrupted have 
ectopic Osk synthesis (Grk translation defects were not seen in this study, but 
different alleles were used than in Clouse et al., 2008, where defects in Grk 
translation were observed). Therefore, a model can be proposed whereby Cup, 
Bruno, Sqd, Hrb27C, Otu and other factors are required for localization and 
translational repression. In this model, once the RNA is localized, translation is 
activated by the action of Orb and PABP (Fig. 1.5). 
Together, these results suggest that the localization and particularly translation of osk 
and grk mRNAs are regulated by the same core components. The mRNAs are 
transported by different motors to different destinations, and these differences may 
be reflected in the elaboration of the RNP particles for each RNA, for example by the 
addition of the EJC components and perhaps other unknown factors for osk, and by 
as yet unidentified components for grk. 
The grk Localization Signal (GLS) 
Efforts to map the region of the grk transcript required for its localization have used 
transgenic fusions between !acZ and part of the genomic region of grk, as well as 
truncations of the grk cDNA. These studies showed that signals in the 5'UTR, open 
reading frame and 3'UTR were required for complete localization to the dorso-
anterior corner and translational regulation of the grk transcript (Saunders and 
Cohen, 1999; Thio ci al., 2000). Sequences in the 5' noncoding region were shown 
by these methods to allow for accumulation of the transcript within the oocyte in 
early stage egg chambers, while signals in the coding region and the 3'UTR were 
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Figure 1.5 Model for the roles of Cup, Bruno, Sqd, Hrb27C, Otu, PABP and Enc 
in grk translational regulation (taken from Clouse ci al., 2008). During localization 
to the dorso-anterior corner, grk mRNA is translationally repressed by Cup, Bruno, 
Sqd, Hrb27C and Otu. PABP and Eric, and perhaps Orb act to mediate translational 
activation of grk once localization is complete. It is thought that the same factors are 
required for the translational repression of osk mRNA. Orb, and theoretically PABP 
are also required for translational activation of osk. 
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necessary for localization in mid to late stage egg chambers. More recent mapping of 
the grk localization signal by injection of fluorescently labelled portions of grk RNA 
into stage 8 or 9 oocytes revealed that a conserved 64-nucleotide RNA stem loop in 
the coding region is necessary and sufficient for localization of the transcript to the 
dorso-anterior corner (Van De Bor et al., 2005). GLS RNA localizes in a Dynein and 
microtubule dependent manner, and moves in two steps as shown for full-length grk. 
Moreover, injected grk RNA lacking the GLS is not present in transport particles 
(Delanoue el a/., 2007). The GLS is discussed further in Chapter 3. Also included in 
this discussion is the localization element of the 1 Factor retrotransposon RNA. 
The I Factor 
The I Factor is a non-LTR retrotransposon, similar to the LINE I (LI) elements of 
mammals (Fawcett et al., 1986), that encodes two proteins, ORF1p and ORF2p. 
ORFIp is nucleic acid binding (Dawson et al., 1997), whilst ORF2p contains 
domains with predicted endonuclease, reverse transcriptase and RNaseH activities 
(Fawcett et al., 1986). 1 Factor transposition occurs at a high frequency in the 
germline of female progeny of a cross between 'inducer' males (contain full-length 
and potentially active 1 Factors in on their chromosomes) and 'reactive' females. 
Such female progeny are described as SF females (stérilité femelle), and manifest 
hybrid digenesis in that they have unusual characteristics, including greatly reduced 
fertility (Bucheton, 1990). Interestingly, the eggs laid by SF females have a 
ventralized phenotype, similar to grk mutants. Indeed, 1 Factor RNA has been 
detected in a cap adjacent to the oocyte nucleus at stages 8 and 9 and in an anterior 
ring (Seleme el al., 2005), in a combination similar to grk and bed mRNA 
localization. It is thought that as well as causing mislocalization of grk (thus leading 
to eggshell defects) (Van De Bor el al., 2005), that perinuclear localization is 
important for the transposition process that is assumed to require entry of the RNA 
into the nucleus of the cell in which transposition takes place. 
Using the in vivo injection assay, the signal for the localization to the cap was 
mapped to a 58-nucleotide RNA stem loop known as the / Factor localization signal, 
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or ILS (Van De Bor et al., 2005). Secondary structure prediction using mfold (Zuker, 
2003) predicts that the GLS and ILS have similar secondary structural elements and 
may represent a consensus structure for dorso-anterior localization (discussed further 
in Chapter 3). Furthermore, ILS RNA also localizes in two steps in a Dynein and 
microtubule dependent manner, and can compete with GLS and grk RNA for 
localization (Van De Bor et al., 2005), suggesting that they can compete for trans-
acting factors. Indeed, ILS RNA also remains at the anterior in sqd mutants, and fails 
to complete localization to the cap. Adjacent to the ILS is a second RNA stem-loop 
known as the A loop. RNA containing both the ILS and A loop moves more 
efficiently than RNA containing the ILS alone, but RNA containing the A loop alone 
is not sufficient for localization. The A loop is therefore not a localization signal but 
somehow promotes localization via the ILS (V. Van De Bor and E. Hartswood, 
unpublished data). 
How is specificity defined? 
With a number of localized mRNAs accumulating at different subcellular 
destinations, sometimes using the same molecular motor (both bcd and grk require 
Dynein for transport within the Drosophila oocyte), what determines which mRNA 
goes where? It is thought that specificity is determined by localization signals and 
the trans-acting factors that bind to these signals. A central question in the field is 
therefore how cis-acting sequences are interpreted by trans-acting factors, and how 
this recognition determines specific cellular destinations. 
A simple view would be that transcripts that localize to a similar destination contain 
a conserved signal, and that the conserved localization signal defines a particular 
destination by binding to a particular complex of trans-acting factors. Such a model 
is supported by similarities in the perinuclear localization of grk and I Factor and 
between the GLS and ILS, which are hypothesized to represent a consensus signal 
for dorso-anterior cap localization. The composition of transport complexes that 
associate with different mRNAs may differ greatly when it is considered that the 
Drosophila genome encodes an estimated 500 RNA binding proteins (Lasko, 2000), 
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of which a number must be trans-acting factors for RNA localization during 
oogenesis. However, it has been shown already that grk and osk mRNAs require a 
number of common factors for localization and translational control, and Stau is 
required for the posterior targeting of osk and the anterior targeting of bcd. 
Furthermore, there is evidence that the same machinery, including Egi, BicD and 
Sqd, can drive localization of maternal RNAs, including grk, bcd, nos, osk and K1O 
in the oocyte, as well as localization of apically localized transcripts in the embryo 
(Bullock and Ish-Horowicz, 2001; Lall et al., 1999). 
A more complex model than a specific RNA element binding a specific protein 
complex is therefore needed. A core complex of proteins may be able to recognize 
localized RNAs with different destinations. This is consistent with a motor complex 
containing Egi and BicD driving localization of maternal and apically localized 
transcripts in the embryo (Bullock and Ish-Horowicz, 2001). It is also consistent with 
the presence of many common factors required for grk and osk transport, and in 
maternal and neuronal RNA granules. It is then possible that distinct RNA binding 
proteins able to recognize different classes of localization element elaborate RNP 
complexes containing RNAs• with different destinations. Alternatively, the same 
complex of proteins may have a different spatial organization on RINAs with 
different localization elements, although differences in the factors required for a 
number of localized mRNAs argue against this. 
It has also been suggested that recruitment of different numbers of motors and 
regulatory proteins by different localization elements is important for specificity of 
destination. From studies in mammalian cells, it has been suggested that both RNAs 
containing a localization element and non-localized mRNAs can associate with 
motors and show directional movement (Fusco el al., 2003). However, the presence 
of the localization element increased both the frequency and length of these directed 
movements. Similarly, in Drosophila embryos, cis-acting elements in apically 
localized mRNAs (with bidirectional motility as a result of Dynein activity) 
stimulate the frequency and duration of minus end directed movements. The duration 
of plus end movements was not altered by localization signals, suggesting that 
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localization elements do not simply regulate the rate of dissociation of transcripts 
from motors. Rather, in this case, the extent of minus end directed movement was 
correlated with the ability of the localization element to recruit Egi, BicD and 
Dynein. It has therefore been suggested that RNA localization elements bias 
directional movement by controlling the number of motor molecules incorporated 
into a transport RNP via the differential recruitment of the motor cofactors Egl and 
BicD, and producing a range of transcript distributions (Bullock et al., 2006). In 
addition to trans-acting factors controlling the relative number of different motors 
within a transport complex, it is also possible that such factors can control the 
conformation or processivity of the motor, for example, it has been suggested that 
Stau is required for full Kinesin- 1 activity in osk mRNA localization (Zimyanin et 
al., 2008). 
mRNAs that are localized to specific destinations may also be trafficked along 
specific cytoskeletal tracks within the cell. It has been suggested that grk mRNA 
moves to the dorso-anterior in two Dynein-dependent steps, and that each step 
requires a different population of microtubules (MacDougall et al., 2003). It is also 
thought that Vg] mRNA is transported by. Kinesin- 1 and -2 to the vegetal pole of 
Xenopus oocytes on a subset of microtubules where the plus ends are oriented 
toward the vegetal pole (Messitt et al., 2008). It is also possible that specific 
microtubule tracks are marked by specific post-translational modifications. The 
Kinesin- 1 family member Kif5c preferentially binds to and trafficks on detyrosinated 
microtubules in live cells (Dunn et al., 2008), whilst neurites enriched in acetylated 
microtubules selectively support Kinesin-mediated transport of the JNK regulator 
JIP- I to axonal growth cones (Reed et al., 2006). 
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Aims of this thesis 
Given the central role of localization elements and trans-acting factors in the 
definition of specificity, the work in this thesis aims to define these in greater detail 
for grk mRNA localization. This moves towards a better understanding of the 
molecular mechanism underlying grk mRNA localization during Drosophila 
oogenesis, and also ultimately aims to answer more general questions regarding 
consensus localization elements and the arrangement of trans-acting factors on a 
localized RNA, and therefore specificity. 
Chapter 3 Are the GLS and ILS consensus elements for dorso-anterior cap 
localization? Secondary structure prediction has shown that the GLS and ILS 
contain similar secondary structural elements. However, the structure and shape 
of folded RNA molecules is determined also by tertiary interactions that give rise 
to the biologically functional form of the RNA molecule. Knowledge of the 
tertiary structure of GLS and ILS RNA is therefore important for any study of the 
critical determinants of GLS and ILS activity. To this end, in collaboration with 
Dr Peter Lukavsky at the Laboratory of Molecular Biology, Cambridge, GLS and 
ILS RNA samples have been made for the assignment of high-resolution solution 
structures by nuclear magnetic resonance (NMR) spectroscopy. Graeme Ball, a 
post-doctoral researcher in the Davis lab, is assigning the RNA structures. 
Chapter 4 What factors can bind to the GLS? GRNA affinity chromatography 
(Czaplinski el al., 2005) has been used to purify the RNP that can form on RNA 
containing the GLS. 
Chapters 5 and 6 Characterization of the roles of GRNA-identified proteins in 
grk mRNA localization. Two proteins, Hephaestus (chapter 5) and CG 17838 
(chapter 6) were identified as being able to specifically associate with GLS-
containing RNA in affinity chromatography. Orthologues of both of these 
proteins have been implicated in the regulation of localized mRNAs in other 
organisms, and so the functions of these proteins in Drosphila oogenesis were 
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studied further. These studies suggest roles for Hephaestus and CG17838 in both 
grk and osk RNA localization, and also indicate that the roles of these proteins in 
mRNA localization may be conserved between different tissues (neurons and 
oocytes) and also across different organisms. 
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MATERIALS AND METHODS 
Molecular Biology 
Solutions and reagents 
All solutions and buffers used were prepared as described in 'Molecular Cloning-A 
Laboratory Manual' (Sambrook et al., 1989), unless otherwise stated. Phosphate 
buffered saline (PBS), Tris-EDTA (TE), Tris-acetate-EDTA (TAE), and Luria Betani 
(LB) media, were prepared and autoclaved by the Swann Building (University of 
Edinburgh) or Department of Biochemistry (University of Oxford) media kitchens. 
The media kitchens also prepared LB-agar plates. The composition of these buffers 
is given below: 
Buffer Composition 
10 x PBS, pH 7.4 1.37 M NaCl, 27 mM KC1, 100 mM Na 2HPO4 , 20 mM 
KH2PO4 
10 x TAE 0.4 M Tris base, 10 mM EDTA (pH 8.0), 1.2% (v/v) glacial 
acetic acid 
TE 10 mM Tns-HC1 (pH 7.5), 1 mM EDTA (pH 8.0) 
LB For 1 litre: 10 g Bacto tryptone (Difco), 5 g Bacto yeast extract, 
5 g NaCl 
LB-Agar For I litre: 	16 g Bacto tryptone (Difco), 	10 g Bacto yeast 
extract, 5 g NaCl 
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Bacterial Strains 
Routine Cloning 
XL- 1 Blue Competent Cells (Stratagene) 
E. co/i recA 1 endA 1 gyrA 96 ihi- 1 hsdR 17 supE44 re/Al lac [F' proAB /ac]'ZAMJ 5 
TnlO (Tet')] 
Protein Expression 
BL2 1 Competent Cells (Stratagene) 
E. co/i B F dcm ompT hsdS(rB ma)  gal 
BL2 1 -CodonPius (DE3)-RIL (Stratagene) 





+  Tetr  gal ?(DE3) endA meiA.:Tn5(kan r) Hte 
[argU i/eY /eu W Cam'] 
Propagation and preparation of plasmid DNA 
For standard cloning and amplification, XL-1 .Blue cells were transformed with 
plasmids using heat-shock. 100 tl cells were incubated with 1-50 ng of plasmid 
DNA or 20% of a ligation reaction for 30 min on ice. The cells were then heat-
shocked at 42°C for 45 s. After a further 2 min on ice, 900 tl LB media was added 
and the cells allowed to recover for I h at 37°C. Cells were plated onto LB-agar 
plates containing the appropriate antibiotic for plasmid selection (100 ig/ml 
ampicillin and kanamycin; 50 [tg/ml chloramphenicol) and grown overnight at 37°C. 
A single transformed colony was then chosen and grown in 5 ml LB containing the 
appropriate antibiotic for 12-16 h at 37°C. Depending on the downstream application 
and the amount of plasmid required the plasmid was then either isolated using the 
QlAprep Spin Miniprep Kit (Qiagen), or grown further and isolated using the 
QlAfilter Plasmid Midi or Maxi Kit (Qiagen). All kits were used according to the 
manufacturer's protocol. 
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DNA sequencing 
Sequencing reactions were carried out in a final volume of 10 p.1. Template DNA 
was added to 4 p.1 Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied 
Biosystems) and 1.6 pmols of sequencing primer. The amounts of template DNA 
used were 50-100 ng for PCR products and 200-300 ng for plasmid DNA. The 
cycling programme for the sequencing reaction consisted of 25 cycles of: 30s, 96°C; 
30 s, 50°C and 4 mm, 60°C. The sequencing reactions were then analysed by the 
School of Biological Sciences Sequencing Service (SBSSS), University of 
Edinburgh (now known as The Gene Pool) or Geneservice, University of Oxford. 
PCR 
Standard PCR 
Standard PCR reactions were performed in 50 p.1 using 50-100 ng template DNA, I x 
PCR buffer containing 15 MM MgCl 2 (Roche), 0.2 mM each dNTP (Roche), 0.3 p.M 
each primer (forward and reverse), 2.5 U Taq DNA polymerase (Roche). The 
standard cycling programme consisted of 5 mm, 94 °C, followed by 30 cycles of 20 
s, 94 °C; 30 s, annealing 45-65°C (dependent on the Tm of the primers used) and 
elongation 30 s-2 mm (dependent on the length of PCR product), 72°C. After a final 
7 min extension at 72°C, reactions were held indefinitely at 4°C. Products were 
verified by agarose gel electrophoresis and if required, gel purified using the 
QiAquick gel extraction kit (Qiagen). 
PCR to generate DNA templates for NMR RNA 
DNA templates for the synthesis of RNA for NMR were constructed by PCR using 
overlapping primers (Appendix A.2.1). The template was constructed in a 50 p.! 
reaction containing 0.2 mM each dNTP, 20 pmoles each primer, 2.6 U Expand High-
Fidelity Taq Enzyme Mix (Roche) in the supplied buffer containing 15 mM MgCl2. 
Annealing and extension of the overlapping primers was carried out with one cycle 
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of 5 mm, 95 °C; 1 mm, 65°C and 10 mm, 72°C. The resulting double-stranded 
template was then amplified in a 100 1AI PCR reaction containing 50 tl extension 
reaction, 100 pmoles each amplification primer (Appendix A.2.1), 0.2 mM each 
dNTP, 5.2 U Expand High-Fidelity Taq Enzyme Mix (Roche) in the supplied buffer 
containing 15 MM MgC12 . The cycling programme consisted of 30 cycles of 1 mm, 
95°C; 1 mm, 50°C and 45 s, 72°C. After a final 10 min extension at 72°C, reactions 
were held indefinitely at 4°C. The smaller templates for NMR RNA were purified on 
10% TBE-acrylamide gels (Bio-Rad), and crushing and eluting the DNA bands into 
TE buffer. 
Reverse transcriptase (RT)-PCR 
Total RNA, or immunoprecipitated RNA (see RNA Immunoprecipitation) was used 
as a template for reverse transcription. RT was carried out using the Superscript III 
First-Strand Synthesis Supermix (Invitrogen) as described in the manufacturer's 
protocol. Either oligo(dT)20 or random hexamers were used as primers for the RT 
reaction depending on the experiment. For cloning of CG 17838-F, total RNA was 
reverse transcribed from oligo(dT)2 0 primers, whilst for RNA immunoprecipitation 
experiments, random hexamers were used. Typically 10% of the RT reaction was 
then amplified by PCR as described above. 
Gel electrophoresis 
TAE-agarose gel electrophoresis 
Samples were mixed with 1 x gel loading buffer (Bioline) and loaded onto 1% 
(unless otherwise stated) agarose gels (1 g agarose (agarose MP, Roche), 100 ml I x 
TAE) containing 0.5 [tg/ml ethidium bromide. Electrophoresis was carried out in I x 
TAE running buffer at a constant voltage of 120 V, and nucleic acids were visualized 
using a UV transilluminator. 
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
Recipes for stacking and resolving gels of a given percentage can be found in 
'Molecular Cloning-A Laboratory Manual' (Sambrook et al., 1989). NuPAGE 
Novex 4-12% Bis-Tris gels (Invitrogen) were also used. Briefly, samples were 
heated to 90°C in 2 x protein sample buffer (with reducing agent added prior to use) 
(Invitrogen) and loaded alongside a pre-stained standard (SeeBlue Plus2, Invitrogen) 
for gels to be used in western blotting or coomassie stained, or an unstained standard 
(Markl2, Invitrogen) for gels to be silver stained. Electrophoresis was carried out in 
Tris-glycine running buffer (25 mM Tris, 250 mM glycine, 0.1% SDS, to pH 8.3) or 
in 1 x NuPAGE MOPS electrophoresis buffer (Invitrogen) for pre-cast gels, at a 
constant voltage of 180 V-200 V. Separated proteins were visualized by staining in 
Coomassie Blue solution (0.5% Coomassie Blue R-250, 45% MeOH, 10% glacial 
acetic acid), followed by soaking in destain (45% MeOH, 10% glacial acetic acid), or 
by silver staining (SilverQuest kit, Invitrogen). 
Antibodies 
Antibodies and dilutions used for western blotting, immunofluorescence and 
immunoprecipitation are described in appendix A. 1. All anti-peptide antibodies 
produced in this work were polyclonal antibodies raised and affinity purified by 
Eurogentec, using the 'Double X strategy'. The Double X Strategy involves the 
design of two peptides from the same antigen and immunising the animal hosts with 
both peptides at the same time. 
anti-Hrb27C antibody production 
Polyclonal antibodies were raised against Hrb27C by immunising rabbits with two 
peptides; I: N-CRTGPGNSASKSGSEY-C and 2: N-EGASNYGAGPRSAYGNC-C, 
which correspond to nonconserved regions in the C-terminal Glycine-rich domain 
(Huynh el al., 2004). 
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anti-CG17838 antibody production 
Rabbits were immunised with two peptides; 1: N- QKADDRGDGERTEDYC-C and 
2: N-TGQRKYGGPPPHWEGC-C, which correspond to a nonconserved and a 
partially conserved region in the N-terminus respectively. 
The final bleeds taken from rabbits immunised with these two peptides were also 
affinity purified in lab. Filtered antiserum was incubated with CNBr-activated 
sepharose resin (GE Healthcare Life Sciences) that had been coupled to 5 mg of 
either peptide or to 5 mg GST-CG17838-F. The resin was washed with PBST (lx 
PBS + 0.05% Tween20) and anibodies eluted with 100 mM glycine (pH 2.5) into 2 
M Tris-HC1 pH 8.0. 
Polyclonal anti-protein CG17838 antibodies were also raised by immunising guinea 
pigs with GST-CG17838-F that had been expressed in E. co/i and purified using 
glutathione sepharose (GE Healthcare Life Sciences). As for the anti-peptide 
antibodies, the anti-protein antibodies were raised and affinity purified by 
Eurogentec and in lab. 
Western Blotting 
Following electrophoresis, proteins were transferred to nitrocellulose (Schleicher and 
Schuell), or to Polyvinylidene Fluoride (PVDF) (Bio-Rad) membranes using the 
XCell II Blot Module (Invitrogen) as per manufacturer's instructions. The membrane 
was blocked with 5% non-fat dry milk in I x TBS (50 mM Tris-HCI pH 7.5, 150 
mM NaCI) + 0.5% Tween20 (TBST). Primary and secondary antibodies and 
dilutions are described in appendix A. 1. The membrane was washed with TBST 
following incubation with primary and secondary antibodies. Chemi luminescent 
detection was carried out according to the manufacturer's protocol (ECL Plus 
Western Blotting Detection System, GE Healthcare Life Sciences) and the 
membrane exposed to film (Hyperfilm ECL, GE Healthcare Life Sciences). When 
required, membranes were stripped by incubation in stripping buffer (100 mM 2- 
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mercaptoethanol, 2% SDS, 62.5 mM Tris-HC1 pH 6.7) for 30 min at 50°C, with 
occasional agitation. Membranes were then washed extensively at room temperature 
with TBST before blocking and re-probing. 
In vitro transcription, labelling and purification of RNA 
Preparation of templates for in vitro transcription 
For standard transcription, 5-10 .tg plasmid DNA was digested using the appropriate 
restriction enzyme (New England Biolabs) according to manufacturer's instructions. 
Digests were visualized by TAE-agarose electrophoresis and purified using the 
QiAquick PCR purification kit (Qiagen), or by phenol/chloroform extraction. 
For transcription of NMR samples, the purified PCR DNA templates were digested 
with HindIII-EcoRI and inserted into pUC18 digested with the same enzymes. 
Following transformation and sequencing, a 2.5 L culture of cells was grown 
overnight at 37°C. Plasmid DNA was then isolated using the QiAfilter plasmid Giga 
Kit (Qiagen) and resuspended in HPLC-grade water to a concentration of 700 tg/ml. 
A typical yield from a 2.5 L culture was in the range of 6-12 mg. Plasmid was 
linearized with BbsI (New England Biolabs) overnight at 37°C using 50 units (50 U) 
of enzyme per 700 p.g plasmid DNA. The reaction mixture containing only fully 
linearised plasmid was used directly for the RNA transcription reaction without 
removal of the restriction enzyme. 
Synthesis of fluorescently labelled RNAs 
Fluorescently labelled and capped sense RNAs for injection into living oocytes were 
in vitro transcribed in 50 tl reactions. 1-2 ig linearized template DNA (gurken 
cDNA was a gift from T. Schtipbach) was added to 1 x transcription buffer (40 mM 
Tris-HCI, pH 8.0, 6 mM MgCl 2 , 10 mM DTT and 2 mM spermidine) (Roche), 0.4 
mM rATP, 0.4 mM rCTP, 0.36 mM UTP (Roche), 0.04 mM AlexaFluor 546- or 488-
UTP (Molecular Probes), 0.12 mM rGTP, 0.3 mM 7mG(5')ppp(5')G cap analogue 
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(Ambion), 40 U RNasin RNase inhibitor (Promega) and 20 U T7, T3 or SP6 RNA 
polymerase (Roche), according to the promoter present in the template. The 
transcription reaction was incubated for 3 h at 37°C, after which the template DNA 
was digested with 2 U RQ1 RNase-free DNase (Promega) for 15 min at 37°C. 
Unincorporated nucleotides were removed using Sephadex G-50 RNA spin columns 
(Roche) according to the manufacturer's instructions. RNA was then precipitated by 
the addition of 1/5 volume 5 M NH40Ac pH 5.2 and 2.5 volumes 100% EtOH. 
Following incubation at -20°C overnight/on dry ice for 1 h, the RNA was pelleted by 
centrifugation at 14000 rpm for 20 min at 4°C. The pellet was washed with 75% 
EtOH and resuspended in 5-10 RI DEPC-treated water depending on the size of the 
pellet. Final RNA concentration was typically 250-500 ng/pJ. 
Synthesis of DIG-labelled RNAs 
Sense and anti-sense RNA probes were synthesised for RNA in situ hybridization in 
10 tl reactions. 1 tg linearized template DNA (gurken cDNA was a gift from T. 
SchUpbach, oskar cDNA was a gift from A. Ephrussi and hephaestus cDNA was 
obtained from the DGC cDNA collection) was added to 1 x transcription buffer 
(Roche), I x DIG labelling mix and 20 U T7, T3 or SP6 RNA polymerase (Roche). 
The DIG RNA labelling mix (Roche; 10 x) contains 10 mM ATP, 10 mM CTP, 10 
mM GTP, 6.5 mM UTP and 3.5 mM DIG-I I-UTP, pH 7.5. The transcription 
reaction was incubated for 2 h at 37°C, after which template DNA was digested with 
2 U RQI RNase-free DNase (Promega) for 7 min at 37°C. The RNA was visualized 
by TAE-agarose gel electrophoresis and used without any further purification for in 
situ hybridization. RNA probes were diluted in hybridisation buffer (50% 
formamide, 5xSSC, 0.1% Tween20, adjusted to pH 6.5 with HCI) at 11500-111000 
depending on the efficiency of the transcription reaction. 
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Synthesis of 32P-labelled RNAs 
32P..NA probes were prepared for use in UV cross-linking and EMSA reactions in a 
final volume of 20 [tl. ORF16 and ORF16AGLS in p6xE2 (see GRNA 
chromatography) were linearized with Spe!, whilst hunchback (hb) and nanos (nos) 
templates were created by PCR from hb cDNA (a gift from B. Edgar) and nos cDNA 
(DGC Drosophila Gold Collection) (for primers see appendix A.2.5). 2 pg linearized 
template or 200 ng PCR DNA was added to a reaction mix consisting of 1 x 
transcription buffer (Roche), 5 mM rATP, 5 mM rCTP, 5 mM GTP, 0.5 mM UTP 
(Roche), 4.5 !1.l 800 Ci/mmol a- 32P-UTP (Perkin Elmer), 40 U RNasin RNase 
inhibitor (Promega), and 20 U T7, T3 or SP6 RNA polymerase. The reaction was 
incubated for 3 h at 37°C, after which template DNA was digested with RNase-free 
DNaseI (Promega). 1 tl of the reaction was taken prior to purification for calculation 
of 32P incorporation. 
Probes were gel purified using denaturing urea-PAGE. Briefly, probes were 
incubated for 3-5 min at 95°C in denaturing gel buffer (95% formamide, 0.025% 
xylene cyanol, 0.025% bromophenol blue, 0.5 mM EDTA and 0.025% SDS) in order 
to denature any secondary structure. The probes were then loaded onto a denaturing 
5% acrylamide/8 M urea polyacrylamide gel which was ran until the bromophenol 
blue dye front reached the bottom of the gel. Following exposure to autoradiography 
film (BioMax MS; Kodak), the full-length probe was excised and eluted in gel 
elution buffer (0.5 M NH40Ac, 1 mM EDTA and 0.1% SDS) overnight at 37°C. The 
probe was then concentrated using EtOH precipitation as described above and 
resuspended in 20 tI DEPC-treated water. Yield and specific activity was 
determined by measuring the Cerenkov radiation of pre- and post-purification 
samples in a Beckman LS380I scintillation counter. 
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Preparation of RNA for NMR 
Expression of T7 RNA polymerase for in vitro transcription 
pT7-9 11 (a gift from J. Houseley) contains the sequence for bacteriophage T7 RNA 
polymerase with a N-terminal His 6 affinity tag. BL2 1 Competent Cells (Stratagene) 
were transformed with plasmid pT7-9 11 using standard procedures and 
transformants isolated by ampicillin selection. A 50 ml culture of cells was diluted 
in 1 L LB, grown at 30°C to an O.D.6 00 0.6, and induced with 1 mM IPTG for 3 h. 
Cells were harvested by centrifugation at 6000 g for 20 min at 4°C. Cell pellets were 
resuspended in 25 ml lysis buffer (20 mM Tris pH 8.0, 200 mM NaCl, 1 mM 
imidazole, 10% glycerol, 0.1% Tween 20 and Complete EDTA-free protease 
inhibitor (Roche)). Cells were lysed by sonication and the lysate clarified by 
centrifugation at 26 000 g for 20 min at 4°C. Cleared lysate was bound to 5 ml 
packed volume Ni-NTA-agarose resin (Qiagen) that had previously been 
equilibriated with lysis buffer, and incubated with rocking at 4°C for 2 h. The resin 
was then washed with 16 column volumes lysis buffer, followed by 8 column 
volumes lysis buffer containing 10 mM imidazole. Elution was in lysis buffer 
containing 100 mM imidazole. 
His6-T7 containing fractions were diluted with dilution buffer (20 mM Tris pH 8.0, 
10% glycerol, 0.1 % Tween 20 and Complete EDTA-free protease inhibitor (Roche)), 
in order to reduce total salt concentration in the sample from 200 mM to 50 mM. 
Protein was then added to 10 ml packed volume SP sepharose (Sigma), previously 
equilibriated in the above dilution buffer containing 50 mM NaCl and loaded onto a 
column. The resin was washed with 16 column volumes dilution buffer containing 
50 mM NaCl, followed by 8 column volumes dilution buffer containing 100 mM 
NaCl and a further 8 column volumes with dilution buffer containing 200 mM NaCl. 
Elution was in dilution buffer containing 500 mM NaCI. Protein concentration was 
determined using Bradford reagent and protein concentrated to 5 mg/ml in YM-30 
Centriprep units. Glycerol was added to 50% and DTT added to 20 mM. 
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In vitro transcription of RNA for NMR 
All procedures used HPLC-grade water and chemicals purchased from Sigma. The 
RNA yield from in vitro transcriptions was optimised for each individual DNA 
template in 25 rtl trial reactions by varying the magnesium concentration from 4-52 
mM. To prepare milligram quantities of RNA a large-scale 20 ml transcription 
reaction was performed (Lukavsky and Puglisi, 2004). The reaction mixture 
contained 6-12 mg linearized template DNA, 40 mM Tris-HC1 pH 8.1, 1 mM 
spermidine (Sigma), 5mM DTT, 0.1% Triton-X 100, 4 mM each NTP (Sigma), 12-
24 mM magnesium chloride and 1200 U/ml lab-prepared T7 RNA polymerase. After 
I h incubation at 37 °C, pyrophospate, which forms during the transcription reaction 
and can sequester Mg 2 , was pelleted by centrifugation. Additional magnesium 
chloride was then added, the amount depending on the size of the pyrophosphate 
pellet. The reaction was stopped after a further 1 h at 37°C by addition of EDTA to 
50 mM. Transcribed RNAs were analysed by denaturing PAGE (8% and 8 M urea) 
and visualized by staining with 0.1% toluidine blue. 
Ion-exchange chromatographic purification and concentration of in vitro 
transcribed RNA for NMR 
A 15 ml HiTrap DEAE column (GE Healthcare Life Sciences) was equilibriated with 
five column volumes of 50 mM sodium phosphate buffer at pH 6.5 with 0.1 mM 
EDTA. The transcription reaction mixture was loaded onto the equilibriated DEAE 
column. Following elution with a gradient of 2 M NaCl, collecting 10 ml fractions, 
fractions were analysed by denaturing PAGE. RNA containing fractions were 
combined and concentrated to I ml in Centriprep centrifugal units (Amicon), washed 
five times with NMR buffer (10 mM sodium phosphate pH 6.0) and concentrated 
again to I ml. The final concentration step to the desired NMR concentration (1-2 
mM) was performed in a 2 ml Centricon centrifugal unit (Amicon). As a general 
rule, for RNA oligonucleotides less than 30 nucleotides in length a MWCO of 3 kDa 
was used, whilst for larger constructs the MWCO was 10 kDa. 
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Biochemistry 
GRNA Affinity Chromatography 
Expression of GXH for GRNA affinity chromatography 
pG?.H (a gift from K. Czaplinski) contains the X N protein RNA-binding peptide 
sequence (DAQTRRRERRAEKQAQWKAAN) cloned downstream of an N-
terminal GST tag with a His6 tag at the C-teminus. BL21-CodonPlus (DE3)-RIL 
(Stratagene) cells were used as expression required rare tRNAs. A 5 ml culture of 
cells transformed with pGXH was diluted into 2 L LB, grown at 30°C to an O.D.6 00 
0.4, and induced with 1 mM IPTG for 2 h. Cells were harvested by centrifugation at 
6000 g for 20 min at 4°C. Cell pellets were resuspended in 15 ml lysis buffer (50 
mM Tris pH 8.0, 500 mM NaCl, 5% glycerol and Complete EDTA-free protease 
inhibitor (Roche)) also containing 0.1% Triton-X 100 and 1 mM DTT. Cells were 
sonicated and the lysate clarified by centrifugation at 26 000 g for 20 min at 4°C. The 
lysate was added to 4 ml packed glutathione sepharose (GE Healthcare Life 
Sciences) equilibriated in lysis buffer and rotated at 4°C for 1 h. The glutathione 
sepharose was then washed with 15 column volumes lysis buffer containing 0.001% 
Triton X-lOO and 1 mM DTT. Elution was in wash buffer containing 20 mM 
glutathione and the eluate was dialysed against lysis buffer to which Triton-X 100 
was added to 0.001%. Protein concentration was determined using Bradford reagent. 
The protein sample was diluted to 1 mg/ml, made to 20 mM imidazole, and added to 
2 ml Ni-NTA resin equilibriated in lysis buffer containing 0.001% Triton-X 100 and 
20 mM imidazole. After rotating at 4°C for I h, the resin was washed with 10 
column volumes of lysis buffer with 30 mM imidazole and eluted with lysis buffer 
containing 250 mM imidazole. Protein was dialysed against 50 mM Tris pH 8.0, 250 
mM NaCI, 20% glycerol and 0.5 mM DTT. Protein concentration was determined 
using Bradford reagent and protein concentrated to 2.6 mg/ml using YM-10 
Centriprep units (Amicon). 
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Preparation of RNA for GRNA chromatography 
p6xE2 (a gift from K. Czaplinski) contains two tandem copies of the BoxB hairpin 
cloned downstream of six tandem copies of the Vg 1 localisation element E2 motif 
which lie between HindIII and Spel sites. ORF 16, ORF 1 6GLS, Loc+ (contains the 
A loop and the ILS), Loc+AILS (contains the A loop and not the ILS) and ILS mut 
sequences contained in pGEM-T were gifts from V. Van De Bor and E. Hartswood. 
ORF16, ORF16iGLS, A+ILS, A and ILS mut sequences were amplified by PCR from 
the above plasmids using primers (Appendix A.2.2) that incorporated a Hindu! site 
at the 5', and a SpeI site at the 3' end of the product, and sub-cloned into p6xE2 from 
which the E2 motifs had been digested. The resulting plasmids therefore contain the 
indicated sequence upstream of the BoxB hairpin. All plasmids were verified by 
sequencing. p6xE2 plasmids containing GLS and hb sequences were gifts from V. 
Van De Bor. Commercial large-scale T3 transcription kits (T3 Megascript Kit; 
Ambion) were used to transcribe RNA used in GRNA chromatography. RNA quality 
was determined by measuring O.D. 260 and agarose gel electrophoresis. 
Preparation of ovarian lysate for GRNA 
Lysate was prepared as described in Drosophila protocols. Ovaries from 100 flies 
homogenized in 200 p.1 cold lysis buffer typically gave extracts of 10 mg/ml. Lysates 
were pre-cleared through an equivalent packed volume of glutathione sepharose 
equilibriated in GRNA buffer (50 mM Tris-HCI pH 7.5, 50 mM NaCl, 1.5 mM 
MgSO4, 2 mM DTT, 0.05% NP-40, 10% glycerol and Complete EDTA-free protease 
inhibitor (Roche)). 
Preparation of the RNA matrix for GRNA chromatography 
The buffer used throughout is GRNA buffer. 50 jil of 1: I glutathione sepharose resin 
in buffer was added to 26 jig of GXH protein and 200 pmol of the indicated RNA in 
a total volume of 400 pl. The RNA had previously been heated and snap-cooled. 
Resin, GXH protein and RNA were incubated at 4°C with shaking for I h. The 
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glutathione sepharose beads were collected by centrifugation (always 3000 rpm, 1 
mm) and the supernatant removed. RNA remaining in the supernatant was extracted 
by the addition of an equal volume of phenol/chloroform and EtOH precipitation. 
The quantity and quality of RNA in the supernatant was assessed by measurement of 
absorbance at 260 nm and by TAE-agarose gel electrophoresis. 
Isolation of RNA binding proteins using GRNA chromatography 
300 j.tl buffer and 200 .tl pre-cleared ovary extract (containing approximately 2 mg 
protein), plus 0.1 mg/ml E.coli tRNA and 1 p.g/ml heparin, were added to the RNA 
matrix and the mixture incubated at 4°C with shaking for 1 h. Beads were collected 
and washed end over end 3 times for 2.5 min with 500 jil buffer. After washing the 
supernatant was removed and total material eluted with 100 .tl elution buffer (0.1% 
SDS, 2.5 mM Tris pH 6.8 and 5 mM DTT) at room temperature. Eluates were 
concentrated by TCA precipitation and analysed by SDS-PAGE and silver staining. 
Mass Spectrometry 
Eluates were separated by SDS-PAGE so that the GXH could be resolved and cut 
away from all other proteins. The remaining eluate was ran as short a distance as 
possible into the gel so that each lane could be excised in a minimum number of 
fractions. Processing of the gel, trypsin digestion, mass spectrometry and data 
analysis was carried out by Dr Juri Rappsilber, Wellcome Trust Centre for Cell 
Biology, University of Edinburgh. 
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Recombinant protein purification 
GST-Sqd A, -Sqd S, -Sqd B, -GFP and GST 
GST-Sqd A, GST-Sqd S and GST-Sqd B were expressed using plasmids (gifts from 
T. Schtipbach) that contain the full-length cDNAs cloned into pGex3. GST protein 
was expressed using pGex3, whilst GST-GFP was obtained from I. Stancheva. BL2 1 
Competent Cells (Stratagene) were transformed with each plasmid, and protein 
expressed and purified as described for the GST-tag of GXH. Protein was dialysed 
against 50 mM Tris pH 8.0, 250 mM NaCl, 20% glycerol and 0.5 mM DTT, and 
concentration was determined using Bradford reagent. 
GST-CG1 7838-F 
To generate a GST fusion protein of CG 17838-F, RT-PCR was performed on mRNA 
purified from ovaries taken from 50 Oregon-R females. The coding region was 
amplified using primers (Appendix A.2.3) that incorporated a BamHl site at the 5', 
and- an EcoPJ site at the 3' end of the product, and sub-cloned into pGex3 that had 
been digested with the same enzymes. The resulting protein contained an N-terminal 
GST-tag. A 5 ml culture of BL2 I Competent Cells transformed with plasmid was 
diluted into 2 L LB, grown at 30°C to an O.D. 600 of 0.4, and induced with 0.1 mM 
IPTG for 2 h at 30°C. Cells were harvested by centrifugation at 6000 g for 20 min at 
4°C. Cell pellets were resuspended in 15 ml lysis buffer (50 mM Iris pH 8.0, 500 
mM NaCI, 5% glycerol, Complete EDTA-free protease inhibitor (Roche) and 
pepstatin A (1.0 i.g/ml; Sigma)) also containing 0.1% Triton-X 100 and 1 mM DTT. 
Protein was then purified as described for the GST-tagged proteins described above, 
the only differences being the use of double the volume of wash buffer and half the 
volume of glutathione sepharose resin. 
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GST-pulldown assay 
35 S-labelled (Perkin Elmer) proteins were made using the TnT Quick Coupled 
Transcription/Translation System (Promega). CG1 7838-F template was prepared by 
PCR from the CG17838-F cDNA using a forward primer that contains the T7 
promoter and Kozak sequence (Appendix A.2.3). Squid template was taken from the 
DGC Drosophila Gold Collection. Lysate containing labelled proteins was pre-
cleared by incubation with equivalent packed volume of glutathione sepharose 
equilibriated in binding buffer (Tris-HC1 pH 7.5, 150 mM NaCl, 0.05% NP-40, 5% 
glycerol and Complete EDTA-free protease inhibitor (Roche)). 50 tl 1:1 glutathione 
sepharose resin in buffer was incubated with 2 tg GST fusion protein in a total 
volume of 200 tl for 1 h at 4°C. The GST fusion protein-bound beads were collected 
by centrifugation and the supernatant removed. 25 il pre-cleared lysate was added to 
the resin in 450 tl binding buffer. After incubation for 1 h at room temperature, the 
resin was washed four times with 500 p.1 binding buffer. The bound fraction was 
eluted by boiling in SDS-PAGE sample buffer, and analysed by SDS-PAGE 
followed by autoradiography. 
Immunoprecipitation 
Lysate was prepared as described in Drosophila protocols. Ovaries from 50 flies 
homogenized in 200 p.1 cold lysis buffer typically gave extracts of 5 mg/ml. Extracts 
prepared from 50 adult heads in 100 p.1 cold lysis buffer were also used where 
indicated for immunoprecipitation. In this case, either 1 mM CaC1 2 or 1 mM EGTA 
was added to the IP buffer as required. Lysates were pre-cleared through an 
equivalent packed volume of protein A- or protein G-sepharose (GE Healthcare Life 
Sciences) equilibriated in IP buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.5% 
NP-40, 10% glycerol and Complete EDTA-free protease inhibitor (Roche)). 
Antibodies and pre-immune sera were added to the pre-cleared lysates at the 
appropriate dilution (Appendix A. 1) and incubated overnight at 4°C with mixing. 50 
p.11:1 protein A- or protein G-sepharose equilibriated in IP buffer and pre-blocked 
with 0.5% (final concentration) BSA was then added to each tube and the reaction 
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incubated for 4 h at 4°C with mixing. The beads were then rinsed once with cold IP 
buffer and washed four times for 5 min each at 4°C. After the final wash, as much of 
the supernatant as possible was removed, the beads were resuspended in 25.tl protein 
sample buffer (Invitrogen), boiled for 5 mm, spun at 900 g for 5 mm, and the 
supernatant loaded onto a gel for SDS-PAGE and western blotting. 
RNA binding assays 
RNA Immunoprecipitation 
Immunoprecipitation was carried out as described with the following modifications. 
1 U/tl RiNasin RNase inhibitor (Promega) or 50 ng/ml RNaseAIT1 (Ambion) were 
added where indicated in the incubation and the wash steps. To elute bound RNA, 
the beads were resuspended in 100 .tl IP buffer with 0.1% SDS and 30 p.g proteinase 
K (Roche), and incubated at 50°C for 30 mm. Total and immunoprecipitated RNA 
was purified using Trizol (Invitrogen) extraction and precipitated by the addition of 
115 volume 5 M NH40Ac pH 5.2, 2.5 volumes 100% EtOH and glycogen (Roche). 
Following incubation at -20°C overnight, the RNA was pelleted by centrifugation at 
14000 rpm for 20 min at 4°C. The pellet was washed with 75% EtOH and 
resuspended in DEPC-treated water. Following DNase (Promega) treatment, 
immunoprecipitated RNA and 10% total RNA was then used as a template for cDNA 
synthesis in combination with Superscript III (Invitrogen) RT and random hexamer 
primers (Invitrogen). 10% of the RT product was then PCR-amplified using specific 
primers (Appendix A.2.4). 
Pulidown with poly(U)-sepharose 
35S-labelled proteins were prepared as described for GST-pulldown assays. Binding 
assays were performed using of poly(U)-sepharose 4B or sepharose 4B (GE 
Healthcare Life Sciences) equilibriated in binding buffer (as GST-pulldown buffer). 
50 jil 1: I resin in buffer was incubated with 15 uI lysate for 1-2 h at room 
temperature with or without homopolymer competitors (Sigma) in a total volume of 
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400 [il. The resin was then washed four times with 500 tl binding buffer. The bound 
fraction was eluted by boiling in SDS-PAGE sample buffer, and analysed by SDS-
PAGE followed by autoradiography. 
UV cross-linking analysis 
Binding reactions were carried out in a final volume of 10 !.tl and set up in a 96-well 
microtitre plate. Recombinant protein at a concentration of 100-1000 nM was added 
to 50-100 kcpm 32P-labelled RNA probes in IP buffer (immunoprecipitation 
protocol) with the addition of 0.1 mg/ml E. coil tRNA (Roche) and 1 mg/ml heparin 
(Sigma). Reactions were incubated for 15 min at room temperature. The reactions 
were cross-linked on ice at 999mJ in a Stratalinker 1800 UV cross-linker 
(Stratagene). Free and unprotected RNA was digested with 5 tl kNaseA (Sigma) at 
37°C for 15-30 mm. 15 ptl 2 x protein sample buffer (Invitrogen) was added to each 
reaction, and samples analysed by SDS-PAGE followed by drying of the gel and 
autoradiography. 
EMSA 
Binding reactions were assembled as for UV cross-linking. Following incubation of 
protein and RNA probe, 2 ptl 30% glycerol was added and 6 tl each reaction loaded 
onto a non-denaturing 5% acrylamide gel. Electrophoresis was carried out in I x 
Tris-borate-EDTA (TBE) buffer (89 mM Tris-borate, 2 mM EDTA) at a constant 
voltage of 200V for 3 h. Gels were dried and visualised by autoradiography. 
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Drosophila protocols 
Flystocks 
Strains were raised on standard cornmeal-agar medium at 18°C or 25°C. Oregon-R 
was used as the wild-type strain. For a comprehensive list of all fly stocks used, see 
appendix A.3 of this thesis. 
Preparation of ovaries prior to oocyte injection 
Flies were transferred to freshly yeasted bottles less than 12 hours after eclosion. The 
ovaries of 2-3 day old, well-fed females were dissected into oxygen-rich halocarbon 
oil (Series 95; KMZ chemicals) on coverslips (Thickness no. 1; BDH), which 
allowed culturing of egg chambers for up to two hours. Egg chambers were dissected 
out and the appropriate stages aligned so that multiple egg chambers could be 
injected during the experiment. 
Microinjection of oocytes 
Fluorescently labelled RNAs at concentrations of 250-500 ng/uI were injected into 
cultured oocytes using Eppendorff femtotip needles. 
Dissection and fixation of Drosophila ovaries for staining 
Flies were transferred to freshly yeasted bottles less than 12 hours after eclosion. The 
ovaries of 2-3 day old females were dissected in I x PBS and immediately 
transferred to 3.7% formaldehyde in I x PBS + 0.1% Tween20 (PBST) for 20 mm. 
After fixation, ovaries were washed three times for 5 min in PBST. Following in si/u 
hybridisation or incubation with antibodies for immunofluroescence, ovaries were 
stained with I [tg/ml 4', 6-diamidino-2-phenylindole (DAPI) to label nuclei, and 
mounted in Vectashield (Vector laboratories). 
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RNA in situ hybridization of Drosophila ovaries 
Prior to in situ hybridization fixed ovaries were stored in 100% methanol at -20°C. In 
situ hybridization with fluorescent tyramide detection was performed using standard 
methods (Tautz and Pfeifle, 1989) with previously described modifications (Wilkie 
and Davis, 1998; Wilkie et al., 1999). Ovaries were re-hydrated by washing in 1:1 
methanol:PBST, followed by PBST, post-fixed in 3.7% formaldehyde in PBST for 
10 min and rinsed five times for 5 min in PBST to remove all traces of fix. Ovaries 
were then washed in 1:1 PBST:hybridization buffer (50% formamide, 5 x SSC, 0.1% 
Tween20, adjusted to pH 6.5 with HC1) for 10 mm, followed by a further 10 mm 
wash with hybridization buffer alone. Pre-hybridization was carried out for I h at 
70°C in hybridization buffer with the addition of 100 tg/ml E. coli tRNA and 50 
1g/ml heparin. DIG-labelled RNA probes were hybridized to ovaries overnight at 
70°C. Following hybridization, ovaries were washed twice in hybridization buffer, 
and once in 1:1 PBST:hybridization buffer for 20 min each at 70°C. Ovaries were 
then transferred to room temperature and washed four times in PBST for 20 mm. 
DIG-labelled probes were detected with sheep HRP-conjugated anti-DIG antibody 
(1:500; Roche) for 2 h at room temperature. Ovaries were then washed extensively in 
PBST. The HRP-coupled antibody was visualized by tyramide signal amplification 
(TSA). Ovaries were incubated with tyramide-Cyanine-3 or —Cyanine-5 in 
amplification buffer (1:50; Perkin Elmer). The reaction was allowed to proceed for 4 
minutes before washing with PBST, DAPI staining and mounting in Vectashield. 
Im munofluorescence with Drosophila ovaries 
Following dissection and fixation, ovaries were blocked in 10% Normal Goat Serum 
(GE Healthcare Life Sciences) in 0.2% PBST (1 x PBS + 0.2% Tween20) for 2 h at 
room temperature or overnight at 4°C. Samples were then incubated with primary 
antibody in 2% PBST (1 x PBS + 2% Tween20) overnight at 4°C or for 2-4 h at 
room temperature if blocking had previously been carried out overnight (Appendix 
A.] for details of antibodies and dilutions). This was followed by three 20 mm 
washes with 0.2% PBST and incubation with Alexa-conjugated secondary antibodies 
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(see Appendix A.1) in 2% PBST (1:500; Molecular Probes) for 2 h at room 
temperature. Ovaries were also stained where appropriate with Alexa-conjugated 
phalloidin (20 nM; Molecular Probes) in order to label F-actin. Following incubation 
with secondary antibody, with or without phalloidin, the ovaries were washed for 20 
min three more times with 0.2% PBST before staining with DAPI and mounting in 
Vectashield. 
Eggshell preparation 
For eggshell preparation, 2-3 day-old flies were allowed to lay eggs at 25°C on apple 
juice-agar plates. Freshly laid eggs were collected, washed in PBS, mounted in a 1:1 
mixture of lactic acid:Hoyer's medium and incubated overnight at 65 °C. The slides 
were examined by dark-field microscopy. 
Extraction of genomic DNA 
10 adult flies were collected in an Eppendorf microcentrifuge tube and frozen at - 
70°C. Frozen flies were homogenized in 200 tl of a solution containing 0.1 M Tris-
HC1, pH 7.5, 0.1 M EDTA, 0.1 M NaCl and 0.5% SDS. The homogenized mixture 
was incubated at 65°C for 30 mm. 400 tl of 1:2.5 SM KOAc: 6M LiCI was then 
added and the sample left on ice for 10 minutes. Following centrifugation at 14000 
rpm for 15 mm, 350 Fll isopropanol was added to the supemantant to precipitate the 
DNA. The sample was then centrifuged again at 14000 rpm for 15 mm, the pellet 
washed with 75% ethanol, dried and resuspended in 50il TE. 
Total RNA extraction 
Total RNA was isolated by Trizol extraction. Ovaries were dissected in PBS, 
transferred to 500 tI Trizol Reagent (Invitrogen) per 50 ovaries and homogenized. 
0.2 ml chloroform (per I ml of Trizol) was added, the sample incubated for 3 min at 
room temperature and centrifuged at 12000 rpm for 15 mm. The aqueous phase 
containing the RNA was taken and 0.5 ml isopropanol (per I ml Trizol initially used) 
76 
Chapter 2 	 Materials and Methods 
added in order to precipitate the RNA. The sample was incubated at room 
temperature for 10 min and centrifuged at 12000 rpm for 10 min at 4°C. The RNA 
pellet was then washed with 75% ethanol, dried and resuspended in DEPC-treated 
water. 
Preparation of ovarian lysate 
For preparation of fresh ovarian lysate, ovaries were dissected in cold PBS and flash 
frozen in liquid nitrogen. For every 100 ovaries, 200tl cold lysis buffer (20 mM Tris 
pH 8.0, 100 mM NaCl, 2 mM DTT, 10% glycerol and Complete EDTA-free protease 
inhibitor (Roche) was added. Once thawed, the ovaries were homogenized, NP-40 
was added to a final concentration of 0.5%, and the extract incubated for 5 mm. 
Dissection, homogenization and incubation were all carried out on ice. The lysate 
was centrifuged at 900 g for 5 min at 4°C. The supernatant was transferred to a new 
tube and the protein concentration determined using Bradford reagent. The lysate 
was then either frozen in liquid nitrogen and stored at -70°C, or used directly. 
Preparation of adult head lysate 
Head lysate was prepared as described for ovarian lysate except that either 1 mM 
CaCl 2 or 1 mM EGTA was added to the lysis buffer, and that the lysate was 
centrifuged at 20 000 g for 20 mm. 
Microscopy 
Imaging was performed on a widefield DeltaVision microscope (Applied Precision, 
Olympus 1X70 and with a Roper Coolsnap HQ). The majority of images were 
acquired with a 20x/0.75 NA objective and then deconvolved using softWoRx 
(Applied Precision) (Davis, 2000; Parton and Davis, 2006) in order to re-assign out-
of-focus light to the point of origin. 
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THE STUDY OF GLS AND ILS STRUCTURE USING NMR 
SPECTROSCOPY 
Introduction 
A major question in the field of mRNA localization is that of specificity. How is the 
destination of a localized RNA determined, and how are distinct RNA molecules 
sorted to numerous subcellular destinations using only a limited number of 
mechanisms? In the general case of motor-dependent localization, it is thought that 
specific trans-acting factors, or a certain arrangement of factors can bind to and 
interpret signals within the RNA, and it is this interaction that drives the association 
of RNA with motors and also determines destination. 
Studies of many localized RNAs have revealed the presence of cis-acting RNA 
localization elements that are necessary and sufficient for correct localization. The 
minimal sequences required for localization of gurken and I Factor transcripts to the 
dorso-anterior of the oocyte were mapped using in vivo injection of fluorescently 
labelled RNA (Van De Bor et al., 2005). The GLS is a conserved, 64-nucleotide 
RNA hairpin found within the 5' of the gurken coding region, whilst the JLS is a 58-
nucleotide hairpin in the second open reading frame of the I Factor. The GLS and 
ILS localization signals defined by this assay share only 34% sequence identity and 
no common primary sequence motifs (Fig. 3. ]A). Moreover, BLAST searches in the 
Drosophila sequence databases using the GLS sequence failed to find the ILS and 
vice versa. However, the mfold (Zuker, 2003) RNA structure program predicts that 
they contain similar secondary structural elements (a hairpin loop with two internal 
loops and a bulge) (Fig. 3.1B). This predicted structural similarity has led to the 
hypothesis that these elements represent a consensus structure for localization to the 
dorso-anterior cap in the oocyte. 
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Figure 3.1 The GLS and ILS may represent a consensus structure required for 
localization to the dorso-anterior cap. (A) The GLS and ILS hairpins share little 
primary sequence identity. i Minimum free energy secondary structures of the GLS 
and ILS as predicted by mfold. ii The GLS and ILS have limited sequence identity. 
(B) I Secondary structure prediction by mfold reveals that the GLS and ILS contain 
similar secondary structural elements, a hairpin loop (H-red), a first internal loop 
(ILl-purple), a bulge (B-green), and a second internal loop (11-2-blue). ii 'Bracket 
notation' representation of the secondary structures of the GLS and ILS, showing the 
shared secondary structural elements using the colours described above. A base pair 
between base I and j is represented by a '(' at position I and a ')' at position j, unpaired 
bases are represented by dots. 
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Comparison of the localization elements of mRNAs that localize to the same 
destination has not led to the identification of very many consensus localization 
sequences or structures. Primary sequence comparison of the Vgl localization 
element (VLE) in two Xenopus species revealed two 5-6-nucleotide sequences, 
referred to as E2 and VM1 motifs (Lewis et al., 2004). The VLE contains multiple, 
clustered copies of these motifs, and it has since been observed that the localization 
element of VegT mRNA has a cluster of E2 motifs essential for vegetal localization 
(Kwon et al., 2002). In this case, the same trans-acting factor, necessary for 
localization, can bind these motifs in the Vgl and VegT LEs. Further searches with a 
motif found within the E2 sequence led to the identification of similar motifs in most 
known vegetally localized mRINAs, and resulted in the identification of new 
localized mRNAs (Betley et al., 2002). 
The above comparison was based on primary sequence, and consensus secondary 
structures have proved harder to find. Recently however, an algorithm named 
RNApromo (Rabani et al., 2008) has been able to predict structural elements within 
sets of mRNAs with common localization patterns. A motif common to apically 
localized mRNAs within the embryo (Lecuyer et al., 2007) such as K1O, runt and 
wingless, and a motif found in dendritically localized mRNAs within mouse neurons 
(Zhong et al., 2006) have been identified and predicted to be important for apical 
localization and dendritic targeting respectively. In a second example, very relevant 
to this work, the predicted secondary structures of the GLS and ILS have been used 
successfully by a bioinformatics method known as 'RNA2DSearch' to search the 
Drosophila genome for related localization signals in transposable elements 
(Hamilton el al., 2009). Two transposons (G2 and Jockey) were found to contain 
GLS/ILS-like RNA stem-loops. Furthermore, these stem-loops were required for the 
dynein-dependent localization of the transposon transcripts to the anterior and dorso-
anterior of the Drosophila oocyte. The study described above therefore adds weight 
to the hypothesis that the secondary structures of the GLS and ILS represent a 
consensus structure for dorso-anterior localization, and in a broader sense, adds 
credence to the concept that shared consensus localization elements target mRNAs to 
common subcellular destinations. 
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When considering the possibility that the GLS and ILS contain a consensus for 
dorso-anterior localization in the oocyte, it must be remembered that the architecture 
of RNA is also shaped by specific tertiary interactions that can give rise to more 
complex structures than those predicted by programs such as mfold. RNA has 
multiple functions including the decoding and transfer of genetic information 
(messenger RNA, transfer RNA, small nuclear RNAs), regulation of gene expression 
(riboswitches and micro RNAs) and catalysis (ribozymes, ribosomal RNA, small 
nuclear RNAs). This functional versatility of RNA is dependent upon the variety of 
complex structures formed by secondary (helices containing, loops and bulges) and 
tertiary interactions (for example, kissing hairpin loops, coaxial stacking of helices 
and ribose zippers). It must also be remembered that programs such as mfold (Zuker, 
2003) predict RNA secondary structure by free energy minimization i.e. folding the 
RNA into the structure with the minimum free energy (Mathews and Turner, 2006). 
These programs are limited in that they do not take into account the full range of 
possible base pairs and cannot predict certain motifs such as pseudoknots. 
The determination of the three-dimensional structures of the GLS and ILS is 
therefore needed 'if we are to identify the sequences and/or structures that are 
required for specific localization to the dorso-anterior cap. X-ray crystallography has 
allowed the determination of the structures of several large and complex RNAs. 
Structures of the ribosomal RNAs and proteins, with bound mRNA and tRNAs are 
notable examples (Korostelev el al., 2006; Selmer el al., 2006; Yusupov el al., 2001; 
Yusupova et al., 2001). Others include group I introns (Adams et al., 2004a; Adams 
et al., 2004b; Golden et al., 2005; Guo et al., 2004) and riboswitches complexed with 
metabolites (Batey el al., 2004; Montange and Batey 2006). However, the 
conformational flexibility of RNA can provide an obstacle to crystallization, which 
investigators have overcome by the co-crystallization of RNA with proteins. 
Concomitant with this is a loss of information about the different conformations 
RNA molecules can adopt. NMR spectroscopy offers a tool for studying the structure 
and dynamics of RNA in solution, and also interactions with ligands such as other 
proteins, nucleic acids, ions and solvent molecules. 
M. 
Chapter 3 	 The study of GLS and ILS structure using NMR spectroscopy 
Historically, NMR has been used to study relatively small RNA molecules. This is 
largely due to difficulties in resonance assignment. As RNA is composed of four 
chemically similar nucleotides, and the predominant secondary structure is the A 
form helix, many nucleotides experience a similar chemical environment. This 
results in resonance overlap, reducing the amount of information that can be obtained 
from spectra. Combined with aggregation problems caused by the high concentration 
of RNA required in an NMR sample, this can make structure determination difficult. 
This difficulty is reflected in the sizes of RNA structures deposited in the Nucleic 
Acid Database (http://ndbserver.rutgers.edu ). Of 287 NMR structures containing 
only RNA molecules, 19 are 40-nucleotides/1 5 kDa and over. Of these, only three 
are 60-nucleotides/20 kDa and over. The vast majority of RNA NMR structures are 
of extended secondary structures of less than 15 kDa. This is because in many cases, 
larger RNAs are dissected into smaller thermodynamically stable subdomains, such 
as helices and loops. However, three recent NMR structures have demonstrated that 
it is possible to solve structures of higher molecular mass by NMR (Davis et al., 
2005; D'Souza et al., 2004; Lukavsky et al., 2003). The sizes of the RNAs in these 
studies range from the 75-nucleotide/25 kDa HCV IRES domain 11 (Lukavsky et al., 
2003) to the 101-nucleotide/35 kDa core encapsidation signal of Moloney Murine 
Leukaemia Virus (MMLV) (D'Souza et al., 2004). 
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Aims of this chapter 
Despite the difficulties described above, the aim of the work presented in this chapter 
was to study the GLS and ILS by NMR spectroscopy. This was in order to be able to 
better test the hypothesis that the GLS and ILS represent a consensus structure for 
localization to the dorso-anterior cap in the Drosophila oocyte. It was decided that 
NMR would be the superior method to use, as firstly, the proteins that can associate 
with the GLS and ILS were unknown when this work began and so the RNA would 
be difficult to crystallize, and secondly, X-ray crystallography results in the loss of 
conformational information. 
This chapter describes the preparation of GLS and ILS RNA samples for study by 
NMR. Dr Graeme Ball, a postdoctoral researcher in the Davis lab, who has 
specialized in NMR for his PhD, carried out all NMR spectroscopy and the structure 
assignment. The work described here was also carried out in collaboration with Dr 
Peter Lukavsky at the Laboratory of Molecular Biology, Cambridge. The patterns of 
base-pairing and preliminary solution structures of GLS and ILS RNAs are 
presented, and common sequences/structures discussed. 
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Results 
Preparation of GLS and ILS RNA NMR samples 
By NMR standards, the GLS and ILS are large RNAs (Lukavsky and Puglisi, 2005; 
Tzakos et al., 2006). For this reason we chose to work with Ml and 13. These are 
truncated forms of the GLS and ILS respectively, both lacking the second internal 
loop of the parent hairpin (Fig. 3.2A, B). Ml is 49-nucleotides in length, whilst 13 is 
37-nucleotides long. Fluorescently labelled Ml and 13 still localize when injected 
into stage 8/9 oocytes, albeit with lower efficiencies than the full length GLS and 
ILS RNAs (V. Van De Bor, unpublished). 
Structure determination by NMR demands milligram quantities of unlabelled and 
isotopically ' 3C and/or ' 5N-labelled RNA. These samples can be efficiently prepared 
by in vitro transcription from DNA templates using T7 RNA polymerase (Milligan et 
al., 1987; Puglisi and Wyatt, 1995). Ml and 13 DNA templates were prepared for in 
vitro transcription by insertion of the corresponding DNA coding sequence, plus the 
17 promoter site and flanking restriction sites into the high copy number plasmid 
pUC18. Fragments were designed as shown (Lukavsky and Puglisi, 2004; Fig. 3.3A) 
and were prepared by PCR. Initially, overlapping primers were used to create a PCR 
template (Fig. 3.3B), which was then amplified using a forward primer 
corresponding to the HindlII site/T7 promoter, and a reverse primer corresponding to 
the Bbsl/EcoRl sites (Fig. 33C). Purified plasmid DNA was linearized and used 
directly in in vitro transcription reactions. As commercially available T7 RNA 
polymerase can be expensive for large-scale RNA synthesis, recombinant, histidine-
tagged T7 RNA polymerase was also prepared and purified using plasmid p17-91 IQ 
(Abramochkin and Shrader, 1995; Ichetovkin, 1997). 
The magnesium chloride concentration required for the in vitro transcription 
reactions was optimized for each DNA template in order to maximise the yield of 















Figure 3.2 Secondary structure prediction of (A) GLS and Ml, a truncated GLS 
lacking the second internal loop and (B) ILS and 13, a truncated ILS also lacking the 
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Figure 3.3 Sequence, design and PCR construction of DNA templates for in vitro 
transcription. (A) Design of plasmid DNA template for in 'i1ro transcription of Ml. 
Transcribed sequence is highlighted in red; restriction sites are bold. (B) PCR 
strategy using overlapping primers and (C) subsequent amplification for construction 
of DNA template for in vitro transcription of Ml. 
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ranging from 8 to 56 mM were carried out, and RNA yield assessed using denaturing 
PAGE and staining with toluidine blue (Fig. 3.4A). 
To prepare milligram quantities of RNA, in vitro transcription reactions were carried 
out in a final volume of 20 ml. During transcription there is an accumulation of 
pyrophosphate. This can sequester magnesium and so inhibit the rate of transcription. 
To overcome this, and therefore maximise RNA yield, the pyrophosphate precipitate 
was spun down following 1 h incubation. Additional magnesium chloride was added 
and the transcription reaction continued for a further hour. 
RNAs synthesized by in vitro transcription are usually heterogeneous at the 3' end, 
due to either premature termination, or the addition of one or more non-coded 
nucleotides to yield longer transcripts (Milligan et al., 1987). These longer 
transcripts with extra non-coded nucleotides will be referred to collectively as N+1 
transcripts. Purification of the desired full-length RNA product is commonly 
achieved by preparative denaturing PAGE, followed by elution from the gel (Wyatt 
et al., 1991). PAGE has also been combined with the use of self-cleaving ribozymes 
and DNAzymes (Cheong et al., 2004; SchUrer et al., 2002; Shields et al., 1999) in 
order to purify to single nucleotide resolution. Although denaturing PAGE allows the 
purification of medium and longer length RNAs, such as Ml and 13, the gel 
purification protocol suffers from a number of disadvantages. Incomplete 
polymerization or partial hydrolysis of the gel result in water-soluble acrylamide 
oligomers that can bind to the desired RNA product and cannot be completely 
removed (Lukavsky and Puglisi, 2004). This leads to an increase in the molecular 
size of the RNA and reduces the information that can be gained from an NMR 
experiment. In addition, any purification protocol involving the precipitation of 
RNA, especially larger RNAs, can lead to the formation of aggregates (Lukavsky 
and Puglisi, 2004). 
Anion exchange chromatography has been used to purify homogeneous length 
shorter-sized RNAs to single nucleotide resolution (Anderson el al., 1996; Wincott et 
al., 1995). To avoid the disadvantages of denaturing PAGE, diethylaminoethyl 
M. 
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(DEAE) anion exchange chromatography was used to purify Ml and 13 RNAs. 
Although this did not result in exclusion of N+1 transcripts, it is possible to take this 
into account in the NMR assignment (P. Lukavsky, unpublished). This protocol can 
yield RNA for NMR studies very rapidly. The transcription reactions were applied to 
an equilibrated DEAE column and eluted with a gradient of 2M NaCl. A typical 
elution profile is shown (Fig. 3.413). Two major peaks are observed, the first 
corresponding to plasmid DNA, and the second to the RNA product (Fig. 3.4B, Q. 
Fractions were analysed by denaturing PAGE (Fig. 3.413) and by measuring OD at 
260 nm. The fractions containing the correct product were then combined, 
concentrated and exchanged into the appropriate NMR buffer. Analytical gel 
filtration was further used to look at the final samples (Fig. 3.4E). 
For Ml, multiple species of molecule were observed following denaturing gel 
electrophoresis. This was thought to be due to incomplete denaturation of multimers 
of these RNAs during electrophoresis. It was hypothesised that multimers could form 
by association of the unpaired bases in the GC-rich hairpin loop of Ml. The final Ml 
RNA sample eluted as a single peak during gel filtration. As a larger RNA was 
present in a small amount following denaturing PAGE, assumed to be due to 
incomplete denaturation, it was thought that this single gel filtration peak represented 
this larger multimer formed by the RNA under nondenaturing conditions. Following 
purification of 13 (Fig. 3.5A), a single band was observed following denaturing gel 
electrophoresis (Fig. 3.513). The final sample also eluted as a single peak following 
gel filtration (Fig. 3.5C). 
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Figure 3.4 Transcription and preparation of Ml for NMR. (A) Denaturing PAGE 
analysis of RNA yield from small scale in vilro transcription reactions at different 
magnesium concentrations. RNA, plasmid DNA and rNTPs were visualized by 
staining with toluidine blue. (B) RNA purification by DEAE anion exchange 
chromatography. A typical elution profile shows two major peaks, the first 
containing plasmid DNA, and the second containing the RNA, (C) Purification of a 
large scale Ml transcription reaction by DEAE chromatography. The RNA was 
eluted in fractions D2 to D9. (D) Denaturing PAGE analysis of MI DEAF-
chromatography fractions. Arrowheads indicate multiple species of molecule. It is 
thought that the higher band represents a niultimer that was not completely denatured 
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Figure 3.5 Transcription and preparation of 13 for NMR (A) Purification of a 
large-scale 13 transcription reaction by DEAE chromatography. The RNA was eluted 
in fractions C4 to ClO. (B) Denaturing PAGE analysis of 13 DEAE chromatography 
fractions. (C) Analytical gel filtration of purified and concentrated 13 RNA. 
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Introduction of a UUCG tetraloop 
It was thought that multimerization of Ml could be taking place through the GC-rich 
hairpin loop. In order to reduce aggregation and improve folding, the loop of M 1 was 
replaced with a UUCG tetraloop. RNA tetraloops, i.e. RNA loops containing four 
nucleotides, occur frequently in biologically active RNAs. Indeed, they are the most 
common type of loop in ribosomal RNAs (Woese et al., 1990). The majority of 
tetraloops belong to three main families, VNCG, GNRA and CUUG (N=U, C, G; 
R=G, A). They are all characterized by a very high thermodynamic stability and 
melting temperature, whilst among these three classes the UUCG tetraloop is the 
most stable (Antao et al., 1991). A number of X-ray and NMR structures exist for the 
UUCG tetraloop (Allain and Varani. 1995; Cheong etal., 1990; Ennifar etal., 2000) 
that show a non-canonical base pair between U 1 and G4. The two central nucleotides 
are unpaired, but form stacking and hydrogen bond interactions with the outer two 
nucleotides. It is this network of interactions that stabilizes the structure. Tetraloops 
carry out a variety of functions, one of which is to direct the correct folding of 
complex RNA structures (Tuerk ci al., 1988; Uhlenbeck 1990). This has been 
exploited experimentally to reduce aggregation and stabilize RNA secondary 
structure for structure determination (D'Souza ci al., 2004). Therefore this strategy 
was also engaged for the Ml RNA. 
The ability of tetraloop containing GLS RNA to localize in the oocyte was tested 
using the in t'ivo injection assay. Tetraloop containing ILS was also tested by this 
assay for purposes of comparison. In both cases, replacement of the hairpin loop with 
a tetraloop was not predicted to affect secondary structure (Fig. 3.6A, D). The results 
show that the wild-type GLS localized to the dorso-anterior cap in stage 8 or 9 
oocytes (Fig. 3.613, Table 3.1), whereas GLS with the hairpin loop replaced by a 
UUCG tetraloop became evenly distributed throughout the oocyte (Fig. 3.6C, Table 
3.1). This shows that the GLS hairpin loop is absolutely required for dorso-anterior 
localization. Conversely, the wild type ILS and ILS RNA containing the tetraloop 
both localize to the dorso-anterior cap (Fig. 3.6E. F, Table 3.1). This has implications 




Figure 3.6 Replacement of the hairpin loop with a UU(G teiraloop abolishes 
GLS localization to the cap, whilst localization of the ILS is not affected (A and 
D) Replacement of the GLS and ILS hairpin loops with a UUCG tetraloop does not 
affect the predicted secondary structures. (B) Fluorescently labelled GLS RNA 
localizes to the dorso-anterior cap. (C) Replacement of the GLS hairpin loop with a 
tetraloop prevents localization tothe dorso-anterior cap. (E) Fluorescently labelled 
ILS RNA localizes to the dorso-anterior cap. (F) Replacement of the ILS hairpin 
loop with a tetraloop does not affect dorso-anterior localization. 
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also for deciding which RNA to make for NMR. The tetraloop Ml was predicted to 
be non-functional and therefore was not pursued in NMR studies. It was also noted 
that tetraloop 13 gave a good spectrum and could also be used for NMR. 
TABLE 3.1 in vivo injection assay for localization of GLS, tetraloop GLS, ILS 
and tetraloop ILS to the dorso-anterior cap in stage 8/9 oocytes. 
RNA n injected n localized 
dorso-anterior cap 
GLS 21 20 
GLS tetraloop 25 0 
ILS 20 19 
ILS tetraloop 22 20 
Dissection of Ml and 13 into stable secondary structure elements 
Unambiguous assignment of the chemical shifts obtained with full-length Ml 
(without tetra.loop replacement) and 13 was not possible. This was due to overlap of 
proton resonances. This is not surprising when it is considered that Ml and 13 are 
still relatively large RNA molecules consisting of four nucleotides, each with at least 
ten protons, in similar chemical environments. Dissection of the RNA into 
thermodynamically stable secondary structural elements, such as helices and loops, 
can surmount the problem of overlap. The pattern of chemical shifts of the 
subdomains can be compared to those of the full-length RNA to ensure that the 
fragments maintain the same conformation in or out of the context of the full RNA. 
This method, used to determine the structure of the 77-nucleotide HCV IRES domain 
II (Lukavsky el al., 2003), combines the data obtained from both the full RNA and 
the fragments to define both local structures and global conformation to calculate the 
final structure. 
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Adopting this method, Ml (without using tetraloop replacement as this did not 
localize) (Fig. 3.7A) and 13 (Fig. 3.713) were each separated into two fragments, stem 
and loop. A UUCG tetraloop was added in order to close the top of the stem portion. 
The ability of these isolated fragments to form the same secondary structure as in the 
full-length molecule was assessed using mfold. The wild type M 1 loop fragment 
proved difficult to make, purify and obtain usable spectra for. This was due to 
difficulties in folding the loop to form hairpin monomers, flexibility, and lack of 
structure (as is the case with the full length Ml). The loop fragment of 13 was made, 
but has not been studied yet. However, it was possible to prepare unlabeled and 
labeled samples for the stern portions of both Ml and 13, and these have been used to 
define both the base-pairing patterns and the structures of the stems. For 13, the 
combination of a labelled stem sample and an unlabelled full-length tetraloop 13 
sample was sufficient to define the structure of the stem portion and also predict the 
base pairing for the full-length molecule. 
Base-pairing patterns are as predicted by mfold 
In NMR studies, proton resonances contain valuable information about the base 
pairing in an RNA molecule, including both standard Watson-Crick type base pairing 
and non-canonical base pairs. Signals can only be observed when the protons are 
protected from exchange with the solvent water, and are therefore involved in 
hydrogen bonding i.e. involved in base pairing. Furthermore, the chemical shifts of 
these base-paired protons are in one particular region of the spectrum. By counting 
the number of proton resonances in this region, it is essentially possible to count the 
number of base-pairs (Furtig et al., 2003). The base-pairing pattern for Ml (Fig. 
3.8A) and 13 stems (Fig. 3.813i), and also full-length tetraloop 13 (Fig. 3.813ii), by 
NMR are as predicted by rnfold, each containing a bulged U and an internal loop of 
unpaired nucleotides (corresponding to ILl Fig. 3.1). All paired nucleotides form 
standard Watson-Crick type base pairs. 
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Figure 3.7 Separation of (A) MI and (B) 13 into stem and loop fragments. The 
fragments are predicted to form the same secondary structures as in the full-length 
secondary structure predictions. 
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Figure 3.8 The base-pairing pattern of the stem fragments of Ml, 13, and full-
length tetraloop 13, are as predicted by mfold. Schematic representation of the 
base-pairing and secondary structure of (A) the stem fragment of MI RNA, (Bi) the 
stem fragment of 13 RNA and (Bii) the full-length tetraloop 13. 
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Structures of Ml and 13 stem fragments 
Ml stem (Fig. 3.9) forms an extended helical structure. The single stranded 
nucleotides U26, U27, C28 and U13 form an asymmetric internal loop, separating 
the helical region into two, and introducing a very slight bend. U26, U27 and C28 are 
flipped out of the structure, whilst U13 is not. Unpaired U8 is bulged out of the lower 
helix. 
13 stem (Fig. 3.10) forms a bent helical structure. The single-stranded nucleotides 
AlO, C21, C22, U23, U24 and C25 create an asymmetric internal loop, which 
introduces a bend between the lower and upper helical regions. U23, U24 and C25 
are flipped out of the structure, whilst A 10, C21 and C22 are not. Unpaired U28 is 
bulged out of the lower helix. 
In both cases, helical regions are thought to be A form, although this is not 
definitively known until the structures of the hairpin loops, and the overall structures 
of MI and 13 are known. The overall shape of the two stems looks superficially 
different. The 13 stem has a greater kink, and the Ml stem is more extended. 
However, the common structure of the internal loop and of the bulged U highlights 
















Figure 3.9 Structure of the MI stem. (A) Superposition of the lowest energy 28 of 100 
structures for separated secondary structural elements of the MI stem. The asymmetric 
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Figure 3.10 Structure of the 13 stem. (A) Superposition of the lowest energy 25 of 100 
structures for separated secondary structural elements of the 13 stem. (B) The lowest energy 
structure of the 13 stem. 
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Discussion 
NMR spectroscopy has been used successfully to define the base-pairing patterns 
and preliminary partial solution structures of functional, truncated GLS and ILS 
hairpins, M I and 13. However, we were unable to prepare and study the full-length 
structures of the GLS and ILS. Furthermore, the solution structures of only the stem 
portions of truncated GLS and ILS were obtained by NMR spectroscopy. The hairpin 
loop of the GLS was shown to be essential for dorso-anterior localization, but was 
not amenable to study by NMR. Without the full structure of the hairpin loops, it is 
not possible to state with confidence that the structure obtained for the stem portions 
is that which occurs in the full GLS or ILS, or also what form the RNA helix takes in 
the GLS and ILS. 
Using this approach we were able to confirm that the base-pairing pattern for both 
stems and for full-length tetraloop 13 (where a tetraloop replaces the hairpin loop are 
as predicted by mfold. All paired nucleotides form canonical Watson-Crick type base 
pairs, and the predicted nucleotides form bulges and loops. However, so far this 
approach has not yielded any new information regarding the structures of the GLS 
and ILS that was not already predicted by mfold, and the helical secondary structure 
of the stem portions of the localization elements is not observed to form a complex 
tertiary structure. However, it must be remembered that the structures presented here 
are not the complete localization elements, and it is possible that tertiary interactions 
may occur in full-length GLS and ILS. Differences were observed in the overall 
shape of the stem structures of M I and 13. Despite this, the solution structures of the 
Ml and 13 stems have confirmed the mfold prediction that two features are common 
to the structures of the GLS and ILS. The exposure of UUC nucleotides in the first 
internal loop, and also the bulged U in both structures suggests that these features 
could be important for dorso-anterior localization. 
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The requirement for the first internal loop and bulge in dorso-anterior 
localization 
Although the primary sequence of the first internal loop differs between the GLS and 
ILS, it can be seen from the structures of the M 1 and 13 stems that in both cases, the 
same three nucleotides, UUC (U26, U27, C28 in Ml and U23, U24, C25 in 13), are 
flipped out of the structure. The importance of these three nucleotides in the first 
internal loop is further highlighted by GLS mutagenesis studies (V. Van De Bor, 
unpublished) where removing the internal loop completely prevents localization. 
Changing the identity of the remaining U in the asymmetric first internal loop, UI 3, 
or removing this nucleotide does not perturb localization. However, replacing this U 
with GAA so that the internal loop is replaced with a base-paired stem prevents 
localization. It would therefore seem that it is the UUC of the first internal loop that 
is important for localization, and that these nucleotides need to be single stranded. 
This is also supported by preliminary ILS mutagenesis studies (V. Van De Bor, 
unpublished), in which deletion of the two U residues in the UUC also abolishes 
localization. In contrast, despite the conservation of the bulged U of the GLS 
amongst the putative GLS sequences of different Drosophilids, (Fig. 3.1 ]A) this 
residue, U8 of the GLS, can be removed or the identity changed and localization 
retained, arguing against a role for this nucleotide in dorso-anterior localization. 
It is unclear as to whether it is the specific identity of the UUC nucleotides, or the 
structure created by them that is important for localization. When the putative GLS 
sequences of a range of Drosophila species are compared, most have the UUC 
sequence (Fig. 3.1 IA). However, D. yin/is grk RNA (which can localize to the 
dorso-anterior cap in D. inelanogasier oocytes Van Dc Bor ci al., 2005) contains a 
loop with the same secondary structure, but in place of the UUC sequence is CGC. 
This suggests that it is the structure or the spacing that these three nucleotides form 
that is important for localization, rather than the actual sequence. Further evidence 
that this may be the case comes from RNA2DSearch (Hamilton el al., 2009). Two 
transposable elements, G2 and Jockey, were found to contain GLS/ILS-like hairpins 
(G2LS and JLS respectively) that could localize to the cap when injected into 
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Figure 3.11 (A) Predicted (ILS secondary structure from the different Drosophilids. Nucleotides that 
differ from D. ,nelw,ogaswr are shown in grey. (B) Predicted secondary structures of the G2 and 
Jockey localization signals (G2LS and JLS respectively). 
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oocytes. Both of these hairpins contain an internal loop in a similar position to the 
first internal loop of the GLS and ILS, but the sequences are different from each 
other, and from the GLS and ILS (Fig. 3.1 1B). 
Tetraloops and the importance of the hairpin loop in dorso-anterior localization 
It was hoped that replacement of the hairpin loops of M 1 with a UUCG tetraloop 
would reduce multimerization. However, tetraloop GLS does not localize to the cap, 
and so was not prepared for NMR. ILS tetraloop, in contrast, does localize and 13 
tetraloop RNA can be prepared for NMR. This experiment also highlights features 
important for localization and also illustrates how mutagenesis experiments can be 
used in conjunction with NMR structure determination to identify what is required 
for localization. 
In the case of the tetraloop GLS, abolition of localization can mean that structure 
and/or specific nucleotides within the wild type hairpin loop are required for 
localization. For the ILS, the LJUUU hairpin loop can be replaced by a UUCG 
tetraloop, and localization is not affected. A UUUI) tetraloop is predicted to have a 
different structure to a UUCG tetraloop. UUCG forms a very stable loop (Antao et 
al., 1991; Tuerk, 1988), whereas the UUUU loop is very flexible, forming a number 
of conformations that differ mainly in their base stacking (Koplin el al., 2005). This 
indicates that the sequence and structure of the ILS hairpin loop can be changed and 
localization is not affected. However, preliminary ILS mutatgenesis experiments 
suggest that replacement of the UUUU loop with an even less stable (Groebe and 
Uhlenbeck, 1988) CCC'C loop abolishes localization. This leaves the possibilities 
that either a solvent exposed U in the loop (which both the UUUU and UUCG loops 
have) is required or that a loop of any sequence with a certain level of stability is 
required in terms of the spacing/structure it provides, and the CCCC loop is not 
stable enough. 
An alternative explanation is that a different part of the ILS plays the role provided 
by the hairpin loop in the GLS. This has been shown to be the case for the RNAs 
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recognised by the human spliceosomal protein VIA. This protein recognises the 
same sequence in a different structural context in two RNA molecules, hairpin 11 of 
Ui snRNA, and the 3'VTR of its own pre-mRNA (Jovine el al., 1996; Tang and 
Nilsson, 1999). It may also be the case that although the GLS and ILS do share a 
common feature in the first internal loop, the two signals may be recognized in 
different ways by diverse trans-acting factors, and that they do not represent 
consensus elements for dorso-anterior localization. 
Future experiments 
Further mutagenesis experiments are therefore needed to study the role of the hairpin 
loop and the first internal loop in the GLS and ILS in order to determine whether 
these elements are part of a consensus for dorso-anterior cap localization. The 
absolute requirement for these elements as well as the relative importance of 
sequence and structure for localization can be tested in this way. In mutagenesis 
experiments specific nucleotides or a number of nucleotides can be replaced with 
others to specifically change sequence and conserve structure, or to change both 
sequence and structure. Alternatively, non-nucleotide mirnetics such as polyethylene 
glycol can be used to replace nucleotides without changing sequence, to look at the 
importance of the spacing provided by specific nucleotides in a structure. 
It is also hoped that refinement of the key determinants of dorso-anterior localization 
by NMR and mutagenesis can be used to refine programs such as RNA2DSearch, 
improving genome-wide searches for RNA secondary structures similar to known 
localization elements. Programs that can predict three-dimensional structure using 
sequence information, such as the MC-Fold and MC-Sym (Macroniolecular 
Conformations by SYMbolic programming) pipeline are now also becoming 
available (Parisien and Major, 2008). Constraints supplied by the known NMR 
structures may also improve the prediction of the three-dimensional structures of 
new localization elements, such as the G21-S and the JLS. 
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Improvements to NNIR sample preparation and studies 
The large size of M I and 13 RNAs in terms of NMR, enhance the problem of 
resonance overlap encountered when studying RNA by NMR. Resonance overlap 
can be reduced in a number of ways. Fragmentation of the RNA into smaller stable 
subdomains, used in the structure determination of the 77-nucleotide, 25kDa HCV 
IRES domain II (Lukavsky el al., 2003), was employed here to reduce complexity. 
Fragmentation does raise the question that the chosen subdomains do not maintain 
the same conformation in and out of the context of the full RNA. In the case of Ml, 
it has not been possible to make the full-length RNA, or the loop fragment (full and 
fragmented tetraloop 13 has been made and can be used), so this question cannot be 
answered at the present time. 
Multimerization through the GC-rich MI hairpin loop hindered the study of this 
RNA. Replacing this loop with a tetraloop meant that the RNA did not localize to the 
dorso-anterior cap, and so the tetraloop M I was not used. The hairpin loop is also 
unstructured and flexible, and so is not easy to study by NMR. Mutagenesis will be 
used to search for loop variants that can still localize but where multimerization is 
reduced, and where NMR is possible. These loop variants can then be fragmented, 
and the fragments and full length RNAs used in structure determination. It must also 
be considered that multimerization of the GLS is functionally relevant and required 
for GLS localization within the oocyte. There is a precedent for this in that RNA-
RNA interactions are also thought to be important for hicoici localization, where 
dimerization of hicoid between specific hairpin loop structures is essential for the 
binding of Staufen (Ferrandon ci al., 1997). 
The structures of some of the largest RNAs studied by NMR have been determined 
not by fragmentation, but by selective and segmental labelling techniques, providing 
alternative methods for reducing resonance overlap. Nucleotide specific isotopic 
labelling was used to aid resonance assignment for the 101-nucleotide core 
encapsidation signal of Moloney Murine Leukaeniia Virus (MMLV) (D'Souza etal.. 
2004), and the 30kDa GAAA tetra loop-receptor complex (Davis ci al., 2005). 
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Segmental labelling (differential labelling of different segments of RNA and ligation 
to create the full length RNA) has also been used to determine the structure of the 
77-nucleotide dendritic targeting element (DTE) of BC  RNA (Tzakos et al., 2006). 
and has made the 313-nucleotide, lOOkDa HCV IRES accessible to NMR 
measurements (Kim el al., 2002). It is possible that these techniques could be applied 
to assigning the structures of the GLS and ILS. 
Finally, an alternative approach such as X-ray crystallography could be considered if 
proteins able to bind the GLS and ILS were identified and crystallized with the RNA. 
This would dramatically increase the size of structure that could be determined, 
meaning that the full-length GLS and ILS could be studied. Furthermore, addition of 
potential binding partners to an NMR sample can be used to study changes in 
conformation upon protein binding. The next chapter describes the purification of 
GLS-interacting proteins, using a method known as GRNA chromatography. 
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BIOCHEMICAL IDENTIFICATION OF GRK TRANS-ACTING 
FACTORS 
Introduction 
Localized mRNAs are organized into and transported in large RNP particles 
containing many RNAs and proteins. The first evidence that this was the case 
resulted from a study of MBP mRNA localization in live oligodendrocytes (Ainger el 
al., 1993). Here, it was shown that injected exogenous MBP mRNA appeared as 
intracellular granules of uniform size, around 300 nm in diameter. Indeed, most 
studies of mRNA localization in living cells, either with labelled injected RNA or 
tagged endogenous mRNA, rely on the formation of RNP particles that can be 
visualized using the light microscope (Bullock et al., 2006; Ferrandon et al., 1994; 
Macdougall el al., 2003; Vendra ci al., 2007; Weil ci al., 2008; Wilkie and Davis, 
2001; Zimyanin et al., 2008). RNA transport particles have also been visualized by 
electron microscopy. Nonmembrane-bound electron-dense particles that vary in size 
between 70-600 nm have been shown to be present in the Drosophila oocyte and 
found to contain multiple grk mRNA molecules and proteins including Dynein. 
BicD, Egi and Sqd (Delanoue ci a/., 2007). 
The idea that localized mRNAs assemble into large particles is further supported by 
the purification of large granules containing localized mRNAs from brain extracts. 
Sedimentation experiments have identified dense particles 150-1000 nm in diameter 
(Elvira etal., 2006; Krichevsky and Kosik, 2001), whilst large RNP particles (up to 
I000S) have been purified using the C-terminal domain of Kinesin KIF5 (Kanai et 
al., 2004). Transport RNPs are thought to contain many proteins that are involved in 
the multiple steps of niRNA localization, such as recognition, transport, translational 
regulation and anchoring of the localized transcript. However, although a number of 
protein components that can associate with localized mRNAs, or are required for 
mRNA localization have been identified (for gi-k, see table 4.1 ), many questions 
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remain about the biochemical nature of transport RNPs, the proteins that are present 
in them, what jobs these proteins do and how they are organized. 
Genetic studies have identified a number of trans-acting factors required for mRNA 
localization in various systems. Drosophila is an excellent model system in which to 
do such studies, as defects in mRNA localization lead to patterning defects in the egg 
and embryo. A number of genetic screens, carried out over the last 30 years have 
identified factors required for bed and osk mRNA localization in the oocyte. These 
include Stau, Mago, Exuperentia (Exu) and Swallow (Swa) (Berleth, 1988; Boswell 
et al., 1991; Frohnhöfer and NUsslein-Volhard, 1987; Kim-Ha et al., 1991; 
Schupbach and Wieschaus, 1986; Schupbach and Wieschaus, 1989; St Johnston et 
al., 1991; St Johnston and Nüsslein-Volhard, 1992). Similarly, genetic screens for 
dorso-ventral defects in eggs and embryos have identified a number of factors 
required for grk localization and signaling, including Sqd and K 1 (Kelley, 1993; 
Manseau and SchUpbach, 1989; Schupbach, 1987; Schupbach and Wieschaus, 1991; 
Wieschaus, 1978) (table 4.1). Essential genes that also play a role in mRNA 
localization were identified in more recent genetic screens that made use of the FLP-
dominant female sterile ,(DFS) technique (Martin ci al., 2003) to screen for mutants 
that disrupt the localization of GFP-Stau. In this way, the ESCRT II complex, 
previously shown to be required for endosomal protein sorting, was shown to be 
required for bcdmRNA localization (Irion and St Johnston, 2007). 
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TABLE 4.1 Trans-acting factors previously identified as being required for grk 
mRNA localization/translational regulation/anchoring. 
Factor Role interactions Source 
Dynein Transport/anchoring Dynein light chain (DLC) can Delanoue ci al., 
interact with grk 3'UTR 2007; Januschke et 
al., 2002; Jaramillo 
Dynein present in transport etal., 2008; 
particles and sponge bodies Macdougall ci al., 
2003; Rom ci al., 
2007 
BicD Transport Present in transport particles and Clark etal., 2007; 
sponge bodies Delanoue ci al., 
2007; Hoogenraad 
Interacts with Dynactin ci al., 2001; Short ci 
components al., 2002 
Egi Transport Present in transport particles and Clark et al., 2007; 
sponge bodies Delanoue et al., 
2007; Mach and 
Interacts with DLC Lehmann, 1997; 
Navarro et al., 2004 
Sqd Localization/translational UV cross-links to grk 3'UTR, Cáceres and Nilson. 
repression/anchoring GLS, 5'UTR, and also an RNA 2008; Delanoue ci 
lacking the GLS (ORF16GLS) al., 2007; Jaramillo 
ci al., 2008; Jennifer 
Interacts with Hrb27C, Imp, Goodrich and Trudi 
PABP, Cup, K 10 and Bruno Schtipbach, 
unpublished data; 
Present in transport particles and Kelley. 1993; 
sponge bodies Norvell ci al.. 1999 
Hrb27C Localization/translational UV cross-links togrk 3'UTR Delanouc cial., 
repression 2007; Goodrich ci 
Interacts with Sqd. Imp. Otu, a/., 2004 
PABP and Cup 
Present in sponge bodies 
Imp Localization/translational Highest affinity binding to grk Geng and 
regulation. May compete 5'IJTR and 5' of coding Macdonald. 2006 
with Sqd and Hrb27C sequence 
Interacts with Sqd and Hrb27C  
thu Localization/potentially Interacts with Hrb27C Goodrich ci al., 
translational repression  2004 
K10 Potentially Interacts with Sqd Jaramillo cial., 
localization/translational 2008; Norvell ci al.. 
repression/anchoring 1999: Wieschaus, 
1978 
Bruno Translational repression UV cross-links to grk 3'UTR Filardo and 
Ephrussi. 2003; 
Interacts with Sqd and Vasa Webster vi al., 1997 
PABP Translational activation Interacts with Sqd. Hrh27C and ('louse ci al., 2008 
Cup  
Cup Localization/translational Interacts with Sqd. Hrh27C and Clouse ci al.. 2008 
repression PABP  
Encore Localization/translation Interacts with PABP Hawkins ci al.. 1997 
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TABLE 4.1 (continued) Trans-acting factors previously identified as being 
required for grk mRNA localization/translational regulation/anchoring. 
Vasa Translational activation Interacts with Bruno Styhler el al., 1998; 
Tomancak el al., 1998 
Webster ci al., 1997 
Orb Localization and translation Chang etal., 2001; 
activation Christerson and 
I McKearin, 1994 
UAP56 I Localization I Meignin and Davis, 2008 
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Despite the identification of several factors by genetics, the actual functions of a 
number of these proteins, such as Exu, Swa and K 10 in mRNA localization have 
remained unclear. Factors such as Capu and Spire have also since been shown to 
have indirect roles in mRNA localization via the organization of the cytoskeleton 
within the oocyte (Dahlgaard el al., 2007). Genetic approaches may also fail to 
identify direct-acting localization factors due to the potential for redundancy among 
proteins that are in the same localization complex or due to factors having inessential 
roles in localization. For example, mutation of Imp does not substantially alter grk 
expression and localization, but does partially suppress a grk misexpression 
phenotype. This suggests that Imp does contribute to grk regulation but may act 
redundantly and may not have an essential role. Consistent with this, overexpression 
of Imp disrupts grk mRNA localization (Geng and Macdonald, 2006). Similarly, 
mutants lacking Imp localize and translate osk normally, but mutation of Imp binding 
sites within the osk transcript prevents osk translation and anchoring (Munro el al., 
2006). This indicates that a 'factor X' is also required to act through Imp binding 
sites for osk regulation. In the case of Hrb27C, differences in the alleles examined 
have meant that a gene has been shown to be required for grk mRNA localization or 
not in different studies (Goodrich et al., 2004 Huynh et al., 2004; Yano et al., 2004). 
Due to the above reasons, an alternative and complementary approach is also needed 
to obtain a more detailed picture of the components of transport RNPs. Potential 
trans-acting factors have been identified using biochemical approaches, and when 
coupled with subsequent genetic/functional analysis, these have isolated a number of 
novel factors. UV cross-linking analysis was originally used to identify proteins that 
could associate directly with localization element RNA. Experiments with Xenopus 
oocyte extract showed that the VILE is the binding site for at least 6 different oocyte 
proteins (Mowry. 1996) subsequently shown to include Vera/Vg IRBP (Deshler et 
al., 1998), VgRBP60 (Cote et al., 1999) and VgRBP7I (Kolev and Huber, 2003). 
Two proteins, ExI (Macdonald etal., 1995) and BSF (Mancebo etal., 2001), able to 
bind regions required for localization in the bed 3'UTR were also identified in this 
way. However, a caveat of UV cross-linking is that factors that are part of a complex 
through protein-protein interactions rather than direct contact with the RNA will not 
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be identified. Gel retardation of an RNA corresponding to a bcd localization element 
(IV/V domain) able to direct normal patterns of localization during oogenesis, 
combined with fractionation, further identified a large ovarian protein complex 
containing at least three RNA binding proteins, Smooth (Sm; related to VgRBP60), 
Modulo (Mod), Swa, PABP and Nod (a member of the Kinesin family of motor 
proteins (Am et al., 2003). Subsequent UV cross-linking experiments showed that 
only Mod in this complex directly associated with the RNA and mod mutants 
displayed mislocalized hcd mRNA. 
Affinity purification using localization element RNA or proteins known to be 
important for localization has also been used as a method to purify complexes of 
proteins that could be components of localization RNPs. In density gradient 
centrifugation, GFP-Exu purified with a large RNase sensitive complex and 
subsequent co-immunoprecipitation showed that this complex contained several 
other proteins including Yps, and also osk mRNA (Wilhelm et al., 2000), whilst a 
two-step tandem RNA affinity purification (TRAP) with an individual nos 
localization element was used to isolate the hnRNP M homologue Rumpelstiltskin 
(Rump) (Jain and Gavis, 2008). As stated previously, the C-terminal domain of 
Kinesin KIF5 was used to purify a large granule in mouse brain extracts. 42 proteins 
were identified in this granule with mRNAs for C'amKJJa and Arc. The major 
proteins identified included factors already known to be important for dendritic 
transport such as FMRP and Stau, and colocalized with Kinesin-associated granules 
in dendrites. Such approaches have therefore been very successful in identifying 
known and novel components of transport RNPs. 
In order to identify trans-acting factors required for grk localization and translational 
regulation other than those already isolated and characterized through genetic 
methods (table 4.1 ), 1 have taken a biochemical approach using the affinity of factors 
for GLS-containing RNA. Potentially interesting factors are then analyzed further 
genetically (Chapters 5 and 6) to look at function in mRNA localization. Factors able 
to bind to RNA containing the GLS could potentially be components of grk transport 
particles or sponge body anchoring structures, as grk lacking the GLS is not 
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incorporated into these structures (Delanoue el al., 2007). The GLS is also sufficient 
for localization in the oocyte following injection, meaning it must be able to recruit 
all the factors necessary for grk localization in the oocyte cytoplasm (Van De Bor e' 
al., 2005). 
An affinity chromatography approach known as GRNA chromatography, originally 
developed to examine localization RNP formation on the vegetal localization 
element (VLE) of Vg] mRNA (Czaplinski ci al., 2005), was adapted for use with 
Drosophila ovarian extract. This method was previously used successfully to identify 
the hnRNP D family protein 401-oVe as a specific VLE binding protein, and was also 
used in Drosophila ovary translation extracts (at the same time as this work was 
being completed) to show that Bruno, Cup and Me3 1 B associate with BRE RNA in 
osk translation silencing particles (Chekulaeva el a/., 2006). By using such an 
approach it is possible to understand grk localization and translational regulation in 
greater molecular detail and isolate novel factors not previously identified via genetic 
screens. It is also possible to answer deeper questions regarding the proteins required 
for mRNA localization as a whole, including whether other factors associated with 
osk regulation also interact with grk, and whether there is a core complex of factors 
required for mRNA localization in oocytes, and also between oocytes and other 
tissues such as the nervous system. 
Aims of this chapter 
To use GRNA chromatography to isolate components of the grk transport 
RNP that can be studied further using genetic techniques, and so obtain 
greater insight into the requirements for and the regulation of grk localization 
in the Drosophila oocyte. 
To compare the identified factors with factors known to be required for the 
localization of other mRNAs in the literature, and to ask whether some of the 
same factors are required across localized mRNAs. 
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Results 
A 21 amino acid peptide of the 7 phage N antiterminator protein (X peptide) binds 
specifically to the BoxB sequence of the N utilization site of X phage RNA with a Kd 
of approximately 5.2 nM (Cilley and Williamson, 1997). Glutathione sepharose was 
converted into an RNA affinity matrix (Czaplinski et al., 2005) through binding 
GST-X peptide fusion protein (GSTX) that in turn is bound to two tandem copies of 
the BoxB RNA hairpin (Fig. 4.1) fused to the RNA of interest. For the identification 
of factors specifically able to bind the GLS, GRNA resins were prepared using 
ORF16, ORFI6L\GLS, GLS, or as a negative control, non-localizing hb RNA (Fig. 
4.2A). ORFI6 RNA consists of the GLS surrounded by 211 nucleotides spanning the 
3' of the 5' IJTR into the 5' of the grk open reading frame. ORF 1 6AGLS is the same 
sequence, but lacks the GLS. GRNA resins with the different RNAs were assembled 
and the supernatant collected for assessment of RNA loading onto the column. This 
was done by measurement of OD at 260 nm and by denaturing agarose gel 
electrophoresis (Fig. 4.2B). By absorbance measurements, between 59 and 82% of 
RNA loaded actually bound to the column (GLS, 81.6%; ORFI6, 69.1%; 
ORFI6L\GLS, 67.8%; hb, 59.6%). The same GRNA resins were then incubated in 
Drosophila ovary lysate, followed by washing and clution of all bound proteins (Fig. 
Total lanes were then analyzed by mass spectrometry (in collaboration with 
Juri Rappsilber). For this, eluates were separated again by SDS-PAGE for a short 
distance, just long enough to be able to separate and remove GSTk as shown (Fig. 
A caveat of this current protocol is that only proteins that migrate slower than 
GST?. during electrophoresis are analyzed. Work is ongoing to change the conditions 
so that GSTX is not eluted from the resin with the RNA and RNA-associating 
proteins. This may also eventually allow eluates to be analyzed by mass 
spectrometry without the need for SDS-PAGE, reducing the loss of sample during 
these steps. 
The results of two independent experiments are shown in table 4.2 (for full tables of 
all proteins see appendix A.4). A number of proteins did specifically associate with 





R BoxB RNA hairpin 	NA localization 
element 
4, 
Figure 4.1 Illustration of the GRNA chromatography method. The ), 
peptide/BoxB interaction is used to make an RNA affinity matrix. GST-), peptide 
fusion protein interacts with the BoxB RNA hairpin fused to the RNA of interest and 
to glutathione sepharose beads. This forms the GRNA resin, on which proteins that 
interact with the RNA of interest can be isolated, 
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Figure 4.2 Preparation of GRA resins for the isolation of grk and CLS binding 
proteins. (A) GRNA resins were made with the following RNAs: ORFI6, GLS plus 
surrounding 211 nucleotides; ORFI6AGLS, ORFI6 lacking GLS; GLS alone; hb, 
hunchback as non-localizing RNA control. (B) Loading of RNA onto the GRNA 
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Figure 4.3 GRNA can be used to identify grk and GLS binding proteins. (A) A 
silver-stained lO% SDS-PAGE gel of total eluate from GLS RNA (lane 2), ORFIÔ 
RNA (lane 3), ORF16LGLS RNA (lane 4), hb RNA (lane 5) and column alone (lane 
6) GRNA resins. Lane I (M) contains molecular weight markers with the sizes 
indicated to the left. (B) All proteins above GSTM, in each lane were taken for 
identification of protein mixtures by mass spectrometry. The GSTX protein is 
indicated. 
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element (TCE) of nos mRNA. The ability of the TCE to repress translation in vivo 
reflects its ability to bind Giorund (Kalifa et al., 2006). However, apart from Me3 I B, 
Efla and PABP, there was no overlap in the proteins able to recognize the GLS and 
ORF16. As the GLS is able to recruit trans-acting factors necessary and sufficient for 
localization in the cytoplasm of the oocyte following injection, it was expected that a 
higher number of proteins would associate with the GLS, including for example Sqd 
(which can bind the GLS in cross-linking experiments). It was thought that the 
shorter GLS did not fold correctly leading to a number of proteins failing to 
recognize the RNA. All further analysis therefore used the ORFI6/ORF161GLS 
comparison to look at GLS-interacting proteins. 
Proteins that could specifically associate with ORFI6 RNA were identified by 
subtracting the proteins able to associate with ORF16i\GLS and hb RNAs from the 
proteins able to associate with ORFI6. in this way proteins only able to bind in the 
presence of the GLS (either directly through the GLS, or through surrounding 
regions that adopt the correct structure only when the GLS is present) were isolated. 
Candidate proteins found to associate with ORF 16 only (or with both ORF 16 and 
GLS) in the initial experiment were Me3lB, Sqd, Dpi, Bicaudal C (BicC), Hrb27C, 
Eflct, Deadhead (Dhd), Exu, CG5205, Rigor mortis (Rig), PABP, CG17838, 
Fibirallin (Fib), CG6745, Hephaestus (Heph) and a small number of ribosomal 
proteins. A repeat of the experiment produced additional candidates. There was some 
overlap between proteins identified and Me3lB, Sqd, Efla, Exu, PABP, CG 17838 
and Heph bound only ORFI6 in the repeat. The additional candidates were Upfl, 
Argonaute 2 (Ago2), NXFI, UAP56, Transcription-associated protein I (TRAI) and 
Piwi. The purification of different sets of ORFI6 interacting proteins in different 
experiments could be due to fluctuations in non-specific binding of proteins to the 
RNA, and it is highly likely that some candidates are binding non-specifically and do 
not interact with grk mRNA in vivo. 
Comparison of the factors known to be required for gi-k regulation (table 4. 1) with 
the factors identified by GRNA (table 4.2) reveals that a number of known proteins, 
such as Sqd, Imp, Hrb27C, PABP and UAP56 were isolated, indicating that the 
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experiment successfully identified grk trans-acting factors. However, other known 
factors such as Bruno, Cup and Otu were not isolated by GRNA. Dynein heavy chain 
was identified as able to associate with ORF16, ORFl6GLS and hb, but the lack of 
other Dynein motor components, and accessory factors such as BicD and EgI is 
striking. This could be due to the conditions used for the GRNA binding reaction and 
wash steps-perhaps the factors that have been isolated are the factors that can 
associate with GLS-containing RNA with the greatest affinity. RNP complexes are 
also dynamic complexes, and it is likely that the components of these complexes 
change as localization proceeds. This approach takes no account of different stages 
of oogenesis and localization and so proteins required at certain stages may not be 
isolated. A number of proteins (for example regulators of translation) may also bind 
elsewhere within the grk transcript and will not have been detected by the ORFI6 
GRNA experiment. For example the BREs required for Bruno binding reside within 
grk 3'UTR. 
hb was used as the non-localizing RNA control. However, it is possible that proteins 
required for grk regulation could also bind hb. For example, Mod associated with all 
RNAs, but has been shown to be required for bed mRNA localization in the 
Drosophila oocyte. Vasa also associated with all RNAs. Trailer hitch (Tral) 
associated with ORF 16, ORF I 6LGLS and hb, but could also be interesting due to its 
function with Me3 I B in FMRP-mediated translational repression (Barbee el al., 
2006), discussed later in this chapter. 
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TABLE 4.2 GRNA results. The proteins able to associate with ORF16 are listed in 
black. Y indicates whether a given ORF 16-interacting protein could also associate 
with GLS, ORF16IGLS or hb RNA. (y) indicates that only one peptide from the 
given protein was identified in the GRNA experiment. The results of a second, repeat 
experiment are highlighted in blue. The repeat column indicates whether a protein 
was able to specifically associate with ORFI6 in the repeat experiment. A blue Y in 
other columns indicates whether a given protein could also associate with other 
RNAs. Where the protein name is in blue, this protein was identified only in the 
repeat experiment. For a full list of proteins for both experiments see Appendix A4. 
Accession number Protein name Molecular function GLS 	ORFI6IsGLS 	hb 	Repeat- 
ORFI6 
S06602 Modulo RNA. DNA. protein binding Y 	 Y 	Y 
AANI0728 MclR ATP-dependent RNA hclicasc: V V 
RNA binding 
Q$I(E9_DROME Growl RNA binding; ATP binding V 	 V 	V 
Q$11199 DROME Imp inRNA binding 
FF1 Vitellogenin I structural molecule; catalytic V 	Y 	V 
precursor activity 
A25876 Vitellogenin III structural molecule; catalytic V 	 Y 	V 	V 
precursor activity 
Q9'sTZO DROME Trailer hitch (Tral) unknown Y 	Y 
S26759 Protein on ccdysonc DNA binding; ssRNA binding; Zn Y 
puffs (pep) ion binding 
XtFFI Glutathione S Glutathione transferase activity V 	 Y 
transfcrase Dl 
SQD DROME Squid (Sqd) rnRNA binding V 
Q7KR17_UROME Dodeca satellite ssDNA binding: satellite DNA 
binding protein I btnding: mRNA binding 
(DpI) 
Q24009DROME Bicaudal C (BicC) RNA binding; protein binding 
AAL28590 Vitellogenin II structural molecule; catalytic Y 	V 	Y 
precursor activity 
RB27C DROME llrb27C ssDNA binding; mRNA binding V 	Y 
EFIA1_DROMF. Eflalpha48D (Efl) translation elongation factor V 	 V 
activity; GTPase activity; GTP 
binding 
S02160 DNA topoisomerasc DNA binding; DNA topoisomerasc V 
Top2 activity: mRNA binding; satellite 
DNA binding 
Q95RE4_DROMF. Ypsilon schachtcl DNA binding; mRNA binding V 	V 
(Yps) 
4AF57901 (ilLttathionc S glutathione transferase activity Y 	 V 	Y 
transfcrase S  
S47867 Thiorcdox in- like disulfide oxidoreductase activity 
protein Deadhead 
(F)hd) 
Q3K4_I)ROME IIsc7O-4 ATPase activity: ATP binding; V 	 V 	V 
unfolded protein binding; 
chaperone binding 
AAF7429 Exuperentia (Exit) sugar binding () 	 V 
Q9\F56_DROME (6520 RNA helicasc activity: ATP- 
dependent helicase acttvitv: 
nucleic acid binding; ATP binding 
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Q541C2_DROME GAPD112 glyceraldehyde-3-phosphate dehydrogenase Y 	Y 
activity; NAD binding 
AAF57440 Rigor mortis (Rig) ligand-dependent nuclear receptor 
transcription coactivator activity; protein 
binding 
S30887 Polyadenylate-binding poly(A) binding; protein binding; mRNA () 	 V 
protein (PABP) binding; V 
RS3ADROME 40S ribosomal protein S3a structural constituent of ribosome Y 	Y 	Y 
Q5113I1I_DROME RpL14 structural constituent of ribosome 
A4V364_DROME CG 17938 mRNA binding V 
Q9\1 V3 Fibirallin (Fib) mRNA binding 
Q9V3W7_DROME SF2 mRNA binding; protein binding Y 
Q9VSK9_DROME CG6745 pseudouridine synthase activity; RNA binding 
Q9WIB9JI)ROME RpLI2 structural constituent of ribosome V 	Y 
S35620 Ribosomal protein S3.e structural constituent of ribosome Y 
Q95WY3_DROME Nucleolar KKE!D repeat unknown Y 
protein Nop56 
Q3T7F7_DROME Polypyrimidine tract binding poly-pyrimidine tract binding; mRNA binding Y 
protein (PTB)-llephaestus 
(Ileph) 
HHFF83 Ileat shock protein 83 ATPasc activity, coupled; ATP binding; Y 	V 	V 	V 
unfolded protein binding 
RSI9A_DROME RpSI9 structural constituent of ribosome Y 
RFVJ1_DkO\1E Regulator of nonsense lft:ic :;cti\ 	p. V 
transcripts I homologue 
(Upfl( 
Ac;02_E)R0MF Argonaute 2 (Aeo2) protein protein binding; siRNA binding: tranI:ition V 
initiation factor activity. etidoriluouc lcac 
activity 
XFIDROME Nuclear RNA export factor I mRNA export from nucleus; adult behavior: V 
(Protein tip-associating) long-term mernors: poly(A) 	mRNA export 
(Protein small bristles) from nucleus 
(DmNXFI ) 
VASADROME ATP-dependent RNA RNA helicase actis try; A I I'-dependent V 	V 	Y 	V 
helicase Vasa helicase activity; RNA binding: protein 
binding; ATP binding 
I AP56_DROMF. ATP-dependent RNA RNA helicase activity; RNA splicing factor V 
helicase WM6 (DEAD box activity, transesterification mechanism; ATP- 
protein IJAP56) dependent RNA helicase activity ..ATP 
(IlELftrAP( binding: nucleic acid binding 
DYH('DROMF Dynein heavy chain, cytosolic AlPase actis irv. coupled: microtubule motor V 	V 	ty) 	V 
(Dl lC(4C ) acti\it 	. motor actis itv. Al 	binding: 
cvsteltic-t\ pc endopeptidase actis ity 
TRIDRO\IF Iranscription-associaled transcription regulator activity: protein kinase V 
protein I )dTRA I ) activity: binding: phosphotransferase activity 
PIIDRO\1F Pissi RNA binding: mRNA binding; protein binding V 	 V 
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TABLE 4.2 (continued) GRNA results. 
Proteins specific to GLS only 
Accession number Protein name Molecular function 
Q9VGH5 DROME Glorund rnRNA binding 
SMD2_DROME SmD2 unknown 




NH2LIDROME I lo-pofloi mRNA binding 
AAF52576 (G 1859 RNA splicing factor activity, 
transesterification mechanism 
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I have also used GRNA chromatography to isolate proteins specifically able to 
associate with the ILS in order to answer more specific questions about the 
machinery that transports grk and I Factor mRNA to the dorso-anterior corner. These 
questions include whether the GLS and ILS are recognized by the same factors and 
use the same machinery, other than dynein and microtubules, to localize to the dorso-
anterior, or whether there subtle differences in the proteins able to associate with the 
GLS and ILS. In addition, the experiment was also designed to identify factors able 
to associate with the A loop, and so perhaps explain how the A loop promotes ILS 
localization. 
For identification of factors specifically able to bind the ILS and the A loop, GRNA 
resins were prepared using A+ILS, AAILS, and A+ILS mut (Fig. 4.4A). ORFI6, 
ORFI6LGLS and hb were also used as previously described. A+ILS consists of the 
ILS and the adjacent A loop within 150 nucleotides of surrounding sequence. AAILS 
is the same sequence lacking the ILS, whilst A+ILS mut is the same sequence as 
A+ILS containing two nucleotide substitutions in the upper stem of the ILS. These 
mutations have previously been shown to disrupt base-pairing within this stem and to 
disrupt localization of injected ILS within the oocyte (V. Van De Bor, unpublished). 
Once again, loading of RNA onto the resin was assessed by measurement of the 
OD260 and by agarose gel electrophoresis (Fig. 4.413). 65% to 79% of RNA loaded 
bound to the resin (ORFI6, 65.3%; ORF16LGLS, 69.6%; A+ILS, 70.3%; AAILS, 
79.9%; A+lLS 11 1, 72.2%; hb, 66.1%). Again, total lanes were submitted for analysis 
by mass spectrometry (Fig. 4.4C). However, this is still in progress and we are still 
awaiting the results of this analysis. It is anticipated that the protein composition of 
the 1 Factor and grk RNP complexes are very similar, but could be subtly different. 
An important difference is that localization of the endogenous / Factor during 
transposition requires ORFI protein (Seleme et al., 1999), and may require factors 
that will import the RNA into the oocyte nucleus once localization is complete, a 
step that is missing in the case of grk. 
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Figure 4.4 Preparation of GRNA resins for the isolation of I Factor and ILS 
binding proteins. (A) GRNA resins were made with the following RNAs: ORFI6, 
ORF16AGLS, hb and column as previously described; A+ILS, the JLS plus the 
adjacent A loop within surrounding sequence; AMLS, A±ILS lacking the ILS; 
A-f A-+ILS which carries mutations in the upper stem of the ILS that disrupt 
localization (V. Van De Bor, unpublished). (B) Loading of RNA onto the GRNA 
column assessed by agarose gel electrophoresis. (C) Preparation of final eluate from 
each resin for mass spectrometry. 
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Discussion 
GRNA has been used as a screen for transport/anchoring components able to 
associate either with GLS-containing RNA, or with other proteins that can directly 
contact the RNA throughout oogenesis. In this way, a number of known and 
candidate grk trans-acting factors were successfully identified. As discussed 
previously, it is likely that some candidates are binding non-specifically in this 
screen and do not interact with grk mRNA in vivo. It is not possible to conclude 
which factors are specific components of the grk RNP until further experiments, such 
as study of the expression pattern of the candidate proteins, and also mutant analysis 
during oogenesis, are carried out. 
There are a number of factors that are more difficult to envisage as binding 
specifically as a result of what is already known about these proteins and their 
functions. For example, Piwi is a member of the Argonaute protein family that 
associates with a class of small RNAs known as piRNAs. The piRNA pathway is 
functional only in the germline and acts to suppress transposable element activity by 
guiding the cleavage ofsense and antisense transposable element transcripts (Obbard 
and Finnegan, 2008). As it is difficult to conceive how Piwi could act in grk 
localization given what is currently known, it is possible that Piwi is binding non-
specifically to the double-stranded RNA that is added to the GRNA binding reaction. 
Other examples also include dTRA I as a component of a chromatin remodeling 
complex required for DNA repair (Kusch e/ al., 2004), Rig as a nuclear receptor 
interacting protein required for a proper ecdysone respone during larval development 
(Gates el al., 2004), and Fibrillarin as a component of a small nucleolar 
ribonucleoprotein (snoRNP) particle that localizes to the Cajal body in the nucleolus 
and is thought to participate in the first step of pre-rRNA processing (Gautier et al., 
1997). 
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Validation of the GRNA experiment 
The isolation of factors known to be directly required for grk localization, 
translational regulation and anchoring (Sqd, Hrb27C, Imp, PABP. UAP56) validates 
the use of this approach to identify components of the grk RNP. Sqd is required for 
localization, translational repression and anchoring, and is present in transport 
particles and sponge bodies within the oocyte. UV cross-linking in ovarian extracts 
has shown that Sqd can directly contact most parts of the grk mRNA, including the 
GLS, 5'UTR, 3'UTR and coding regions beyond the GLS (Cáceres and Nilson, 
2008; Delanoue et al., 2007; Jaramillo el al., 2008; Kelley, 1993; Norvell el al., 
1999; Jennifer Goodrich and Trudi Schupbach, unpublished data). In UV cross-
linking therefore, the GLS is not essential for Sqd binding, although in this 
experiment, Sqd associates only with ORFI6 RNA containing the GLS and not with 
ORFI6AGLS or hb RNA. The conditions used in the cross-linking and GRNA 
binding reactions were not considerably different. Differences in the specificity of 
protein binding in UV cross-linking and GRNA have also been seen previously, 
where Vera/Vg IRBP, VgRBP60 and XStaul and 2 bound the VLE and also the non-
localizing control in Xenopus extract GRNA (Czaplinski et al., 2005). This suggests 
that the ability of a protein to cross-link RNA does not necessarily correlate with the 
ability to specifically associate with the RNA, and also indicates that GRNA is more 
widely useful in purifying complex RNPs. 
Hrb27C, Imp, PABP and UAP56 also specifically bound ORFI6 RNA (although 
Hrb27C bound ORFI6AGLS in the repeat). Hrb27C and Imp are required for grk 
localization and translational repression, and Hrb27C is present in sponge bodies 
(Delanoue ci al.. 2007; Geng and Macdonald, 2006; Goodrich ci al.. 2004). Both 
proteins coimmunoprecipitate with Sqd and this is consistent with the purification of 
all three proteins with ORFI6 in GRNA. Hrb27C can directly interact with the grk 
3'UTR. although interaction with other parts of grk rnRNA has never been tested, 
whilst Imp binds with highest affinity to the 5' of the coding region. This region 
overlaps with the ORFI6 RNA used in this experiment, and so specific association of 
Imp with ORFI6 RNA in GRNA is consistent with previous binding experiments. 
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PABP is required to activate translation of grk mRNA (Clouse et al., 2008) and can 
also interact with Sqd, again consistent with the GRNA result. Further interactions of 
PABP with factors identified here, or other localized mRNAs have also been 
described in other systems. PABP was purified as part of a complex able to bind the 
bcd tV/V domain (Am et al., 2003). It can bind the dendritic targeting element of 
vasopressin mRNA where it is involved in regulation of translation, stability and 
transport in dendrites (Mohr el al., 2001a; Mohr et al., 2001b). With Imp, PABP is 
involved in the translational repression of its own mRNA (Patel et al., 2005). PABP 
can also bind the non-coding RNA BC200 (BC!) in dendritic RNA granules 
(Muddashetty el al., 2002). 
UAP56 is a DExH/D-box RNA helicase that has been shown by genetics and by in 
vivo injection experiments to be required in the oocyte cytoplasm for grk RNA 
localization (Meignin and Davis, 2007). In the oocyte cytoplasm UAP56 is thought 
to act as a remodelling factor for dynamic transport RNPs. The role of UAP56 in 
cytoplasmic RNA localization is in addition to its well-studied function in nuclear 
export. In Drosophila, UAP56 is essential for the export of both spliced and 
intronless mRNAs (Gatfield etal., 2001: Meignin and Davis, 2007), providing a link 
between nuclear export and mRNA localization. UAP56 therefore most likely 
remains on grk mRNA following export. 
Novel factors specifically associating with ORFI6 
In addition to factors known to important for the localization of grk, and that 
associate with grk, additional factors were also identified. These include factors 
required for the regulation of other localized mRNAs in Drosophila oogenesis and 
also in other systems, as well as novel proteins not previously shown to interact with 
localized mRNAs. 
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Regulation of other localized mRNAs-Exu, Efict, Heph, CG17838 
exit was first identified in genetic screens for mutants affecting bcd mRNA 
localization. In exit mutants, bcd localization is affected throughout oogenesis and 
early embryogenesis. The mRNA fails to localize specifically at the anterior and is 
dispersed throughout the oocyte cytoplasm (Berleth et al., 1988; St Johnston et al., 
1989). Exu protein contains no known domains, with the exception of a region with 
weak homology to an RNA-binding motif (Macdonald ci al., 1991; Marcey el al., 
1991). However, this domain is dispensable for the bcd mRNA localization function 
of Exu (Wang and Hazelrigg, 1994). By electron microscopy, Exu is detected in 
sponge bodies in the oocyte and in the nurse cells where Exu is thought to associate 
with bcd mRNA (Wilsch-Brauninger el al., 1997). A series of RNA injection 
experiments has also led to the hypothesis that, in the nurse cells, Exu promotes the 
recruitment of anterior-targeting factors to bcd mRNA. This recruitment is thought to 
render the mRNA competent for the transport to the anterior margin of the oocyte 
(Cha ci al., 2001). Exu was also shown to be a component of a large, RNase-
sensitive complex that contains several other proteins including Yps, and also osk 
mRNA (Wilhelm el al., 2000). Defects consistent with mislocalization of grk mRNA 
are not observed in exu mutants. However, the presence of Exu in sponge bodies and 
RNA transport particles in the oocyte, and the requirement for Exu for bcd 
localization suggests that Exu could be a component of the grk transport RNP. 
The conventional role of the translation factor Efi ct is to bind and transport 
aminoacyl-tRNA to the A site of the ribosome in a GTP-dependent mechanism. 
However, Ef 1 a may have additional functions beyond translation, and for example 
can bind actin and microtubule bundles and may regulate cytoskeletal dynamics (Liu 
el al., 1996: Murray el al., 1996). A number of studies have suggested that Efla is a 
component of localized RNPs. The protein is found in the mRNA particles that are 
transported within oligodendrocytes (Barbarese ci al., 1995; Carson ci al., 1997). In 
neuronal processes, localized mRNA granules colocalize with Eflu (Bannai ci al., 
2004: Bassell ci al., 1998: Knowles ci al., 1996). The protein was also isolated as 
part of the large RNA granule able to associate with KIF5 in mouse brain extracts 
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(Kanai et al., 2004), and was shown to localize to transported mRNA granules in 
dendrites. It is unclear exactly what function Efla has in neuronal RNA granules and 
whether it is required for localized translation as would be expected. Indeed, work in 
chick embryo fibroblasts has indicated that Eflu is involved in anchoring localized 
/3-aclin mRNA via its ability to bind the actin cytoskeleton (Liu el al., 2002). The 
association of Efi a with localized neuronal mRNAs, and its function in anchoring 
aclin mRNA in fibroblasts indicates that it is a very good candidate to be a 
component of the grk RNP, functioning in either translation, or interacting with the 
cytoskeleton, for example in RNA anchoring. 
Heph is the Drosophila orthologue of mammalian polypyrimidine tract-binding 
protein (PTB) and Xenopus VgRBP60. Heph was recently described as being 
required for proper osk mRNA localization and translational repression (Besse et al., 
2009) by promoting the formation of high order RNP particles containing multiple 
molecules of osk. This is highly supportive of Heph being a component of the grk 
transport RNP, and of a function for Heph in grk Iocalizationitranslational regulation. 
The function of Heph/PTB is described in greater detail in Chapter 5. 
CG17838 is the Drosophila orthologue of mammalian SYNCRIP (Chapter 6). Like 
Efla, SYNCRIP has previously been shown to be a component of RNA granules 
localized to dendrites (Bannai el al., 2004; Duning el al., 2007; Kanai el al., 2004) 
and is also a P body component (Moser et al., 2007). Purification of SYNCRIP 
associating proteins reveals that SYNCRIP is present in complexes containing 
proteins that are the orthologues of many presented here as binding specifically to 
ORFI6 RNA. These include Imp, PABP, hnRNPAI/A2, DEAD-box RNA helicases, 
PTB and Efla. The functions and interactions of SYNCRIP and CG17838 are 
presented in more detail in Chapter 6 of this work. However, it is very clear that 
CG 17838, in association with a number of proteins also identified in this work, could 
be required for the regulation of grk. 
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Translational regulation-Mc3 1 B and BicC 
Me3 I B is part of an evolutionarily conserved DEAD-box RNA helicase family that 
includes human RCK/p54, Xenopus Xp54 and S. cerevisiae Dhh ip, and is a P body 
protein that inhibits translation and promotes decapping-mediated mRNA decay. It is 
also present in both neuronal and maternal RNA granules in Drosophila and other 
systems. Drosophila Me3 1 B is detected as cytoplasmic particles in the nurse cells, is 
transported into the oocyte throughout oogenesis, and is also a component of sponge 
bodies. Oocyte localizing mRNAs including osk, bcd and nos are present in these 
particles, as are Exu and Yps, and in egg chambers lacking rne3IB osk mRNA is 
prematurely translated in early oogenesis (Nakamura et al., 2001). Me3 I B interacts 
with Exu, Yps, Bruno, Cup and eIF4E (Nakamura et al., 2001; Nakamura et al., 
2004), and the ability of Me3 I B to associate with GIS-containing mRNA and Exu in 
GRNA is consistent with a role for Bruno, Cup, Exu and Me3 1 B in both osk and grk 
translational regulation during localization. 
In Drosophila neurons, Me3 1 B is present within Stau, FMRP and CamKIIa mRNA-
containing granules, and co-immunoprecipitates with the P body component Tral and 
dFMR I from adult head extracts, (Tral did associate with ORF 16 RNA, but also with 
ORF I 6AGLS and hb in GRNA experiments, and so was discounted in the original 
analysis), and all three proteins are required for FMRP-mediated translational 
repression and dendrite morphogenesis (Barbee ci al., 2006). 
BicC can also interact with Me31 B, Tral, Cup and PABP (Kugler ci al., 2009). Like 
Me3 1 B, BicC (which is a KH-type RNA binding protein) is required for translational 
repression of osk rnRNA (Saffman etal., 1998) and is also a sponge body component 
in oocytes (Snee and Macdonald, 2009), consistent with BicC being a potential 
trans-acting factor of the grk transport RNP. BicC can also act antagonistically to 
Orb and negatively regulate expression of its own mRNA and other targets by 
recruitment of the CCR4/NOT deadenylase complex (Chicoine c/ al., 2007). The 
localization pattern of grk mRNA in BicC mutant oocytes is slightly disrupted so that 
the niRNA remains between the anterior cortex and the oocyte nucleus rather than in 
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a cap structure (Kugler et al., 2009; Snee and Macdonald, 2009), and Grk signalling 
is also impaired. However the defect in grk localization is currently thought to be 
indirectly due to effects of the mutant on the cytoskeleton, whilst the main cause of 
impaired Grk signalling appears to be mainly due to a defect in secretion leading to 
ectopic accumulation of Grk protein in the oocyte. 
Other forms of RNA regulation-Ago2, UpfI, NXFI 
The Argonaute (Ago) proteins are essential components of the RNA induced 
silencing complex (RISC) that drives RNA silencing. There are two major 
mechanisms of RNA silencing, resulting in either degradation or translational 
repression of RNAs, and both activities localize to P bodies (Liu et al., 2005; Sen et 
al., 2005). Double-stranded siRNAs are recognized and unwound by RISC. One 
strand of siRNA is bound by Ago2, and this ribonucleic acid complex selects and 
cleaves the complementary region in the target mRNA. This cleavage results in gene 
silencing. miRNPs can affect gene expression by inhibiting translation. in this 
process, miRNAs are bound Argonaute proteins, and incorporated into RISC-like 
complexes in a manner similar to siRNAs. However, miRNAs do not form perfect 
base-pairs with their target mRNA and do not usually elicit cleavage of the target. In 
Drosophila it was thought that Ago2 and another Argonaute protein, Agol had 
independent roles in siRNA- and miRNA-induced silencing respectively (Okamura 
el al., 2004). However, it has since been shown that the roles of Ago2 and Ago  can 
overlap (Meyer et al., 2006), and a number of endogenous miRNAs bind to Ago2 in 
vivo (Kawamura ci al., 2008). Both Ago2 and Agol can repress translation using 
different mechanisms. Ago 1-RISC primarily promotes deadenylation, whilst Ago2 
blocks the elF4E-elF4G interaction to disrupt translational initiation at the cap 
(Iwasaki ci al.. 2009). 
A link between Ago2 and localized RNA comes from studies of neuronal RNA 
granules, where Ago2 has been shown to colocalize with Stau and FMRP in dendritic 
RNA granules (Barbee et al., 2006), and to interact with FMRP (Ishizuka el al., 
2002: un ci al., 2004). It is therefore possible that Ago2 may function in the oocyte 
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to repress translation of localized mRNAs in conjunction with small RNAs. In the 
oocyte Ago2 is found in very small cytoplasmic particles rather than in any defined 
structures such as sponge bodies (Reich el al., 2009). However, Ago2 is recruited to 
the dorso-anterior corner of the oocyte upon injection of grk mRNA (J. Soetaert, 
unpublished), and the 3'UTR of grk is predicted to contain a number of miRNA 
target sites in the mi RBA SE database (http://microma.sanger.ac.uk/targets/v5).  
Nonsense-mediated decay (NMD) is a process that degrades mRNAs containing 
PTCs (premature translation termination codons) (Brogna and Wen, 2009). The 
NMD pathway is primarily driven by the RNA helicase Upfl, where activation of the 
helicase activity is believed to induce remodelling of the targeted RNA and 
associated proteins. Remodelling is then thought to promote association with mRNA 
decay factors and drive rapid decay. Upfl can transit through P bodies in mammals 
and yeast, and like Ago2 and Me3lB, colocalizes with Stau and FRMP in 
Drosophila dendritic RNA granules (Barbee et al., 2006). One model for PTC 
recognition in NMD invokes the idea that a PTC should be upstream of an exon-exon 
junction (and therefore upstream of an intron). The EJC is deposited upstream of 
exon-exon junctions by the spliceosome, and can interact with and act as a binding 
platform for NMD factors, leading to recruitment and activation of Upfl (Brogna 
and Wen, 2009). Although EJC components direct the cytoplasmic localization of 
osk mRNA in the oocyte (Hachet and Ephrussi, 2001; Mohr el a/., 2001; Newmark 
and Boswell, 1994; Palacios etal., 2004; van Eeden el al., 2001) and are also present 
in the dendrites of mammalian neurons (Glanzer el al., 2005; Macchi ci al., 2003; 
Monshausen ci al., 2004), it is difficult to conceive how UpfI could be recruited to 
non-spliced ORF1Ô in the GRNA experiment. However, in addition to functioning in 
NMD, Upfl can also act as a general translational repressor (Muhirad and Parker, 
1999; Sheth and Parker, 2006) and can physically interact with Stau (Kim el al., 
2005). It is therefore thought that Upfl might work in neuronal granules, in 
conjunction with Stau to repress translation of localized rnRNAs, and it is possible 
that Upfl could act as a translational repressor in the oocyte. 
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NXFI, like UAP56, is essential for nuclear export of mRNA (Herold et al., 2001; 
Wilkie et al., 2001). Indeed, the two proteins are thought to bind sequentially to 
rnRNA in order to promote export. UAP56 is thought to bind mRNA co-
transcriptionally where it can recruit NXF1 via adaptor proteins that include the EJC 
component REF1 (Gatfield and Izaurralde, 2002). It is therefore tempting to 
speculate that like UAP56, NXF1 also remains on grk mRNA and functions in 
cytoplasmic RNA localization. However, a partial loss of function of NXF I does not 
result in the dorso-ventral defects observed in uap56 mutants (Meignin and Davis, 
2007; Wilkie etal., 2001). This could mean that NXFI was identified in the GRNA 
experiment only via its interaction with UAP56, and is not part of the grk RNP. 
Alternatively, NXF1 could be a component of the grk RNP, remaining with the 
mRNA following export, but plays a non-essential redundant role, or no role at all in 
grk localization. 
Ribosomal proteins 
Ribosomal proteins were observed to associate specifically with ORF16. However, 
the identity of the specific ribosomal proteins shown to associate with ORF 16 varied 
from experiment to experiment. Imaging of sponge bodies and transport particles by 
electron microscopy also shows these structures to be devoid of ribosomes 
(Delanoue el al., 2007). Ribosomal proteins were therefore not considered any 
further. 
Other proteins 
A number of other proteins that do not have obvious links to mRNA localization 
were also identified, as were a number of unknown Drosophila proteins. These 
include DpI and CG5205. DpI was originally shown to be a single stranded DNA 
binding protein required for chromosome condensation and segregation. It has 
multiple KH domains and so can also bind RNA (Huertas ci al., 2004). More 
recently is has been shown that DpI is part of a complex also containing Hrb27C and 
PABP that can enhance the translation of hsp83 niRNA through binding a cis-acting 
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element in the hsp83 3'UTR (Nelson et al., 2007). CG5205 is predicted to encode a 
DExH/D-box RNA helicase with 45% identity to S. cerevisiae SLH I. SLH I is 
thought to block the translation of non-poly(A) mRNAs by an effect on eIF5B, and 
therefore on 60S ribosomal subunit joining (Searfoss etal., 2001). 
Proteins able to specifically associate with ORFI6 are also present in the ask 
RNP, and in neuronal granules and P bodies 
The proteins identified here as candidate grk RNP factors add to the list of factors 
common to the regulation of grk and osk mRNAs. Both Heph/PTB and Me31B are 
required for osk localization and/or translational regulation, and Exu-containing 
granules also contain osk. A number of factors (or orthologues of the factors) have 
also been shown to interact with, or be required for localization of other niRNAs 
both in Drosophila and other organisms (table 4.3). This is especially true of factors 
involved in neuronal RNA localization, adding to the similarities between maternal 
and neuronal RNA granules. It would be interesting to repeat this experiment with 
brain extracts, such as adult head and larval brain, in order to test whether the same 
proteins also recognize the GLS in the nervous system. - Table 4.3 also illustrates the 
similarities in components of transport RNA granules, sponge bodies and P bodies. 
Several of the protein candidates have been shown to be components of the same 
complexes functioning in multiple forms of RNA regulation including localization in 
multiple systems. These proteins have been highlighted in red in table 4.3. Together, 
these results suggest that core conserved complexes of proteins are involved in the 
regulation of localized mRNAs in different tissues and different organisms. 
There are ways by which the GRNA technique could be improved. GRNA could be 
made into a two-step purification protocol through the addition of a second tag to the 
RNA such as the streptavidin aptarner or StreptoTag (Bachler ci al., 1999). 
Purification could also be carried out from transgenic flies carrying tagged mRNAs. 
This method would allow the purification of complexes that have formed in viva. 
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However, in this work GRNA has been used successfully to identify candidate 
components of the grk transport RNP. There is a precedent for a number of the 
isolated proteins to be part of the grk localization complex with functions in 
localization, translational control or anchoring. This experiment does not reveal any 
information regarding the organization of the proteins on the RNA, and further 
experiments are required to identify which proteins directly contact the RNA, and 
which proteins are members of the complex through protein-protein interactions. The 
ultimate aim of such experiments would be to understand the necessary factors and 
their organization to an extent that process of mRNA localization could be 
reconstituted in vitro and the basis of specificity understood. Chapters 5 and 6 of this 
thesis focus on two candidate factors, Heph and the novel Drosophila protein 
CG17838, and study their roles in the regulation of localized mRNAs and their 
interactions with localized rnRNAs and known trans-acting factors. These factors 
were chosen due to the roles of their orthologues (PTB/VgRBP60 and SYNCRIP 
respectively) in mRNA localization and translational regulation in Xenopus 




Biochemical identification of ..'rk trans-acting factors 
TABLE 4.3 Proteins that can associate specifically with ORFI6 are also present 
in maternal and neuronal RNA granules and P bodies. Interactors highlighted in 
red are proteins, or orthologues of proteins identified in this study. This is to 
illustrate how the same proteins may interact in multiple forms of RNA regulation, 
including localization, in multiple systems. Where a protein is known to directly 
contact an RNA, this is also listed in interactors. 
ORFI6 Localized RNA granules Interactors Source 
associating mRNAs 
protein  
Sqd grk, ask grk transport Clouse ci al., 
particles ask mRNA 2008; Delanoue ci 
al., 2007; Norvell 
Sponge bodies etal., 1999; 




Hrb27C grk, ask Sponge bodies Delanoue ci al., 
ask mRNA 2007; Goodrich et 
al., 2004; Huynh 
ci al.. 2004; Yano 
etal., 2004 
Imp grk, osk Rapid transport in Boylan el al., 
gcrmlinc and in ask mRNA 2008; Geng and 
Vgl (Vg IRBP) neuronal particles I"gI mRNA Macdonald, 2006: 
(Vgl RBP) Munro et al., 
.8-actin (IMP I. 13-ac tin nìRNA 2006 
ZBPI) (IMPI,ZBPI) 
PABP grk, bed Dendritic RNA BC200 (BC I) Am etal., 2003; 
granules RNA Clouse ci al., 
vasopressin VaSOJ)rcSSifl 2008; Mohr ci al., 
mRNA 2001a; Mohr el 
BC200 (BC I) al., 2001 b; 
Muddashetty ci 
ciL, 2002; Patel ci  
al., 2005 




Exu bed, ask Sponge bodies ask mRNA Berleth ci al., 
Yps 1988: Cha etal.. 
2001; St Johnston 
etal.. 1989; 
Wilhelm ci al.. 
2000; Wilsch- 
Brauninger ci al.. 
1997 
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TABLE 4.3 (continued) Proteins that can associate specifically with ORFI6 are 
also present in maternal and neuronal RNA granules and P bodies. 
Efla colocalizes with Neuronal RNA 13-aciin mRNA Bannai etal., 2004: 
localized neuronal granules (dendrites Barbarese el al., 
mRNAs including and KIF5 associating 1995; Bassell ci al., 
/P3R. CaMKIJa oligodendrocytes) neuronal complex 1998: Carson el al., 
and Arc including 1997; Kanai ci al.. 
Stau, 2004: Knowles ci 
f3-actin FMRP. al., 1996; Liu etal., 
2002 
CG17838 colocalizes with Neuronal RNA BC200 (BC I) and Bannai etal.. 2004; 
localized neuronal granules Choi ci al., 2004; 
mRNAs including Duning el al., 2007: 
IP3R, CaMKJJa P bodies and hnRNPAI Kanai etal., 2004; 
and Arc (viral RNA) Moser ci al., 2007 
(SYNCRIP) 
(RNA 
BC200 (BC I) stability) 





In human cells 
forms a complex 
with 
Me31 B osk P bodies Barbee ci al., 2006; 
Yps Nakamura ci al., 
colocalizes in Sponge bodies Bruno 2001; Nakamura ci 
granules with ask, Cup al., 2004 
bed, nos, Neuronal RNA clF4E 
C'aMKIIa granules Tral 
Stau 
FM RP  
BicC ask, grk Sponge bodies Chicoinc ci al.. 
2007; Kugler ci al.. 
Cup 2009: Saffnian ci 
Tral al., 1998; Snce and 
Macdonald, 2009: 
Wilhelm ci al.. 
2005 
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TABLE 4.3 (continued) Proteins that can associate specifically with ORFI6 are 
also present in maternal and neuronal RNA granules and P bodies. 
Heph/PTB osk osk RNP complexes osk mRNA Besse etal., 2009; 
VgI mRNA Cote etal., 1999; 
Vgl (VgRBP60) (VgRBP60) Ma el al., 2007 
13-actin (PTB) at 
growing neurite 
terminals  
Ago2 grk Neuronal RNA FMRP Barbee ci al., 2006; 
granules Ishizuka ci al., 
colocalizes with 2002; un et al., 
localized neuronal P bodies 2004; J. Soetaert, 
mRNAs including unpublished 
CaMKIIa  
UpfI colocalizes with Neuronal RNA Stau Barbee ci al., 2006; 
localized neuronal granules Kim ci al.. 2005 
mRNAs including 
CaMKIIa P bodies  
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THE FUNCTIONS OF HEPHAESTUS DURING DROSOPHILA 
OOGENESI S 
Introduction 
Drosophila Hephaestus (Heph) was identified in Chapter 4 as one of a number of 
proteins able to bind specifically to GLS-containing RNA. It was therefore 
hypothesized that Heph could be a component of a grk RNP at one or a number of 
stages of oogenesis and play a role in grk, and possibly other mRNAs, localization, 
localized translation or anchoring in the oocyte. This hypothesis is supported by 
functions for the mammalian and Xenopus orthologues of Heph, PTB and VgRBP60, 
in mRNA localization and localized translation in Xenopus oocytes and in neurons. 
Although the role of Drosophila Heph has been studied during spermatogenesis 
(Davis et al., 2002; Robida and Singh, 2003; Schulz et al., 2004) and adult wing 
development (Dansereau el al., 2002), very little was known regarding the function 
of the protein in oogenesis when this work began. 
Heph and its orthologucs 
The heph locus is contained within 140 kb of genomic sequence on chromosome 3 at 
lOOD-lOOE (Fig. 5.IA). Alternative splicing is predicted to result in a number of 
heph transcripts. Examination of genomic sequence indicates that heph is a single 
gene, and has no paralogues in Drosophila (Adams et al., 2000). There are at least 
three predicted Heph protein variants, the foremost being isoforms A. B and C (Fig. 
5.I13). Isoform A includes an N-terminal glutamine-rich (Q-rich) domain, and both 
isoforms A and B include a bipartite nuclear localization signal (NLS). Heph belongs 
to the hnRNP family of RNA binding proteins, and all predicted isoforms contain 
four RNA Recognition Motifs (RRM 1-4). 
Heph is the Drosophila orthologue of polypyrimidine tract-binding protein (PTB), 
sharing over 50% amino acid identity and 60% similarity with vertebrate forms of 
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Figure 5.1 The heph locus (A) The heph locus is contained within 140 kb of 
genomic sequence on chromosome 3 at 10013-I00E (adapted from Dansereau el al., 
2002). Black bars represent exons, and the lines joining different exons represent the 
pattern of alternative splicing. Alternative splicing is predicted to produce a number 
of transcripts. (B) It is predicted that alternative splicing produces at least three 
protein variants: isoforms A and B include a bipartite nuclear localization signal 
(NLS). Only isoform A includes an N-terminal glutamine-rich domain (Q-rich). (C) 
Heph is the Drosophila orthologue of vertebrate polypyrimidine tract binding protein 
(PTB) (Xenopus VgRBP60). Percent amino acid identity is indicated and, in brackets, 
percent similarity. 
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PTB (mammalian PTB/hnRNPI and Xenopus VgRBP60). The percent amino acid 
identity increases up to over 70% within the RRM domains (Dansereau et al., 2002; 
Davis etal., 2002) (Fig. 5.IC). PTB also has four RRM domains and an N terminal 
extension containing both nuclear localization and export signals (Li and Yen, 2002; 
Oh el al., 1998; Perez el al., 1997; Romanelli et al., 1997), accounting for both 
nuclear and cytoplasmic functions for this protein. RRMs 3 and 4 are joined by a 
highly flexible linker and interact extensively to form a compact globular structure, 
whilst the structure of the overall protein is elongated (Conte et al., 2000; Petoukhov 
et al., 2006; Simpson et al., 2004). PTB is monomeric in solution, but may be able to 
oligomerize through the central part of the protein (Oh et al., 1998; Perez el al., 
1997a). 
There are three main mammalian PTB isoforms, PTBI, 2 and 4 (Ghetti etal., 1992; 
Gil el al., 1991). PT132 and PT134 contain 19 or 26 additional amino acids 
respectively between RRM 2 and RRM 3 as a result of the inclusion of PTB exon 9, 
which has two alternative 3' splice sites. A fourth isoform lacking RRM 1 and RRM 
2 has been reported in T lymphocytes (Hamilton et al., 2003). Unlike the Drosophila 
genome,. mammals have related genes that are expressed in a tissue specific manner 
and that encode proteins with 70-80% homology to PTB. nPTB (neural PTB) is 
expressed in adult brain, muscle and testis, and as with PTB, alternative splicing can 
give rise to a number of isoforms (Ashiya and Grabowski, 1997; Markovtsov el al., 
2000; Polydorides el al., 2000). RODI (regulator of differentiation I) is expressed 
only in haematopoietic cells (Yamamoto et al., 1999). A fourth paralogue, smPTB 
(smooth muscle PTB), is restricted to smooth muscle cells of rodents (Gooding ci al., 
2003). The number of splice isoforms and tissue-specific variants allows PTB to 
have varying activity in different cell types and on different substrates. Indeed, it has 
been shown that the alternatively spliced isoforms of PTB have distinct activities in 
regulating the splicing and translation of certain substrates (Wollerton etal., 2001). 
The individual isoforms and paralogues of PTB have no direct relationship with 
particular predicted Heph isoforms. 
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The function of Heph 
heph was first identified in a genetic screen for loci required for spermatogenesis 
(Castrillon et al., 1993). The original male sterile P-element-induced allele, 
rns(3)heph2 , causes the loss of an abundant male-specific transcript (Robida and 
Singh, 2003). heph 2  homozygous males show an enlarged tip of the testis where cysts 
of elongated spermatids accumulate. The mutant also lacks fully individualized 
motile sperms, leading to the conclusion that loss of heph affects spermatid 
differentiation. In addition, overexpression of heph from EP lines or from a UAS -
heph cDNA under the control of a germline nos-Ga14 driver, causes the loss of early 
germ cells (Schulz et al., 2004). When the animals were shifted to a lower 
temperature, testes with a small number of germ cells were occasionally observed, 
suggesting that heph also plays a role in the transition from the spermatogonia to 
spermatocyte differentiation program. 
A study of the expression pattern of heph by in situ hybridization (Davis et al., 2002) 
supports a role for heph in spermatogenesis. heph is expressed in the testis, 
specifically found in primary spermatocytes. In the ovaries, heph is expressed in the 
nurse cells of stage 10 egg chambers. heph is also uniformly distributed in the freshly 
laid embryo, showing that the mRNA is maternally supplied. Expression in the 
embryonic mesoderm and later in the developing central nervous system (CNS) also 
suggests that heph could potentially function in muscle and neuronal development. 
Finally, heph was detected in the developing eye and wing imaginal discs. Further 
work has since shown that heph plays a role in wing development by acting through 
the Notch pathway (Dansereau ci al., 2002). heph alleles were shown to cause wing 
defects in genetic mosaic animals. Somatic clones lacking heph express Notch target 
genes. induce ectopic wing margin in adjacent wild-type tissue, inhibit wing-vein 
formation and have increased levels of Notch intracellular domain (NICD). Delta is 
epistatic to heph indicating that heph is required to attenuate Notch activity following 
activation by Delta in the wing. By looking at the diverse functions of Heph 
orthologues, which range from regulation of alternative splicing, mRNA localization, 
and perhaps even transcriptional activation (Rustighi el al.. 2002), it is possible to 
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predict multiple roles for the protein in mRNA regulation during oogenesis, 
including a role in mRNA localization and localized translation. 
The functions of PTB 
PTB was first purified as a protein that binds to the 15-20-nucleotide pyrimidine-rich 
sequence, the polypyrimidine tract, which typically precedes the 3' splice site of 
higher eukaryotic pre-mRNA introns (Garcia-Blanco et al., 1989). SELEX 
(systematic evolution of ligands by exponential enrichment) experiments have also 
shown that PTB binds specifically to pyrimidine-rich stretches, with a preference for 
UCUU stretches (Perez et al., 1997b; Singh el al., 1995). However, the dissociation 
constants for the interaction of PTB with these sequences are relatively high when 
compared with those for the interaction with physiological target sequence elements 
(Conte ci al., 2000; Perez ci al., 1997b) and a strict consensus sequence for PTB has 
yet to be identified. 
NMR structures of individual RRMs in association with RNA suggest that high 
affinity binding by PTB is the result of multiple RRMIRNA complexes. Each RRM 
within PTB can bind one RNA molecule and has its own slightly different consensus 
RNA binding sequence (Auweter el al., 2007; Oberstrass el al., 2005). The 
arrangement and interaction of RRM 3 and 4 with each other and with RNA has also 
led to the model that PTB binding can result in RNA looping (Oberstrass ci al., 
2005). Such restructuring of the RNA substrate, in addition to sequence specific 
binding of the RNA, is thought to be crucial in enabling PTB to carry out its many 
functions in the cell (Liu ci al., 2002; Mitchell ci al., 2003: Oberstrass c/ al., 2005). 
PTB is thought to be an RNA chaperone, and by the binding and remodelling of 
RNA can promote or inhibit the binding of other factors. In this way, PTB is able to 
act as a positive or negative regulator of a number of forms of RNA metabolism, 
including alternative splicing, RNA 3'-end processing and stability, translation and 
localization. 
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Regulation of alternative splicing 
Alternative splicing is a process by which multiple mRNAs are synthesized from a 
single primary transcript, allowing for the synthesis of a diverse set of proteins and 
involving the combinatorial use of alternative 5' splice sites, 3' splice sites, introns 
and exons. As mentioned previously, PTB was first purified as a polypyrimidine tract 
binding protein (Garcia-Blanco el al., 1989). Subsequent work has shown that PTB 
can bind pynmidine-rich elements and thereby mediate splicing repression of nearby 
splice sites in a long list of alternatively spliced pre-mRNA5, including the a- and - 
tropomyosin. a-actinin (Perez el al., 1997b; Southby et al., 1999; Waites et al., 
1992), c-src and y2 GABAA receptor pre-mRNA5. In all of the cases above, 
repression of a splice site by PTB results in tissue-specific patterns of splicing. In a 
simple model, it is thought that PTB mediates splice site repression by the overlap of 
PTB binding sites with binding sites for splicing factors such as U2AF, U2snRNP, or 
with enhancer sequences, blocking exon definition and spliceosome assembly. 
However, the presence of multiple PTB binding sites, sites more distant from splice 
signals, and downstream as well as upstream of repressed exons argues for a more 
complicated model, perhaps invoking the ability of PTB to loop out essential RNA 
elements. 
The case of the calcitonin/calcitonin gene related peptide (CT/CGRP) gene also 
reveals that PTB can positively regulate exon inclusion by binding to a 
polypyrirnidine splicing enhancer (Lou ci al., 1999). However, binding to the 
enhancer is also required for polyadenylation of the exon-including RNA, implying 
that the positive effect on splicing efficiency may be due to another function of PTB, 
that of 3'-end processing. 
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3'-end processing and mRNA stability 
A second role for PTB in RNA processing has been identified through its recognition 
of polyadenylation signals. Polyadenylation signals are comprised of an AAUAAA 
sequence 20-30 nt upstream of the cleavage site to which the poly(A) tail is added. 
The polyadenylation signal is recognised by cleavage polyadenylation stimulating 
factor (CPSF) in an interaction that is enhanced by the binding of cleavage 
stimulatory factor (CstF) to pyrimidine-rich downstream sequence elements (DSEs). 
PTB is thought to compete with CstF for binding to the DSE, thereby inhibiting 3' 
cleavage and polyadenylation (Castelo-Branco et al., 2004). Pyrimidine-rich 
upstream sequence elements (USEs) may also be present and required for full 
activity of the polyadenylation signal. In the case of the C2 complement gene, the 
USE has been shown to bind PTB, which in this instance is required for efficient 
polyadenylation (Castelo-Branco el al., 2004). These examples suggest that PTB has 
a modulatory function in mRNA 3'-end processing, operating to control the overall 
levels of mRNA synthesized in the cell. In addition to regulating 3'-end formation, 
PTB can also control mRNA levels by influencing mRNA stability. PTB can bind to 
a polypyrimidine-rich sequence in the 3'UTR of insulin mRNA in a glucose-
dependent manner. It is thought that this masks destabilizing elements in the 3'UTR 
increasing the stability of this mRNA in pancreatic 3-cells (Fred et al., 2006). 
Translational control 
Translation initiation of eukaryotic mRNAs is mostly mediated by the m 7Gppp cap 
structure at the 5' end of an mRNA that is recognised by the translation initiation 
factor complex. However, the genomic RNA of the Picornaviridae (a large family of 
viruses that includes poliovirus and human rhino virus) lacks a cap structure. In this 
case, translation is initiated from highly structured internal ribosome entry sites 
(tRESs). Efficient initiation from tRESs requires cellular components known as 
IRES trans-acting factors (ITAFs) as well as the canonical translation initiation 
factors. PTB has been shown to be an ITAF, required in internal ribosome entry by a 
number of picornaviral tRESs (Belsham and Jackson, 2000: Song et al.. 2005). PTB 
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may also regulate the translation of hepatitis C virus (HCV) by binding to an IRES 
and also to multiple sites within the RNA (All and Siddiqui, 1995; Anwar et al., 
2000), and is also thought to be required for the replication of this virus (Aizaki et 
al., 2006: Chang and Luo, 2006). 
Cellular RNAs can also contain IRESs, and under conditions that inhibit cap-
dependent translation (for example cell stress, apoptosis and viral infection) the 
expression of certain proteins is maintained by IRES-dependent translation (Spriggs 
et al., 2005: Spriggs et al., 2008) (examples include the BAG-1 (Bcl-2-associated 
athanogene I; Pickering et al., 2004). Most of the cellular IRESs studied require PTB 
for function, and in many cases it has been shown that PTB plays a role in the 
recruitment of the ribosome. PTB can also bind to other regions within cellular 
RNAs such as Bip (Kim et al., 2000), where it can inhibit IRES-dependent 
translation, demonstrating that PTB can also be a negative regulator of cap-
independent translation. 
mRNA localization and localized translation 
Of particular relevance to this work, PTB has been shown to play a role in RNA 
transport and the regulation of localized translation in a number of model systems. 
Transport of Vg/ mRNA to the vegetal pole of the Xenopus oocyte is dependent on 
the recognition of short, reiterated sequence motifs in the Vgl localization element 
(VLE) that provide binding sites for trans-acting factors. The Xenopus orthologue of 
PTB, VgRBP60, interacts directly with VMI motifs within the VLE (Cote ci al., 
1999), whilst another protein. VgIRBP/Vera, binds VM1 motifs as well as E2 motifs 
in the VLE. Both proteins have essential roles in VgI mRNA localization. More 
specifically, it has been shown that VgRBP60/PTB is required for a critical 
remodelling step in which an initially indirect VgIRBP-VLE interaction in the 
nucleus is switched to a direct interaction in the cytoplasm (Lewis et al., 2008). 
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In the nervous system, localization of mRNA, such as fl-ac/in, is known to be 
required for neurite growth. In neuronal cells, PTB is phosphorylated in response to 
activation of the PKA pathway, which results in accumulation of PTB at growing 
neurite terminals. Here, it is thought that PTB is required for neurite growth and for 
the localization of /3-ac/in mRNA transcripts to neurite terminals (Ma el al., 2007). 
Aims of this chapter 
The general aim of the work described in this chapter was to study the function of 
Heph in mRNA localization and localized translation in the oocyte, with particular 
regard to grk mRNA, by asking the following questions: 
What is the expression pattern of Heph during oogenesis and embryogenesis? 
• Does Heph interact with localized mRNAs in the gerrnline? 
• Does the distribution/levels of localized transcripts and the proteins they 
encode change in heph mutants? 
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Results 
The expression pattern of heph mRNA during oogenesis 
To investigate how Heph might function in the context of a polarized oocyte, the 
spatial distribution of hepli mRNA and protein within developing wild-type egg 
chambers was analysed by fluorescence in situ hybridization (FISH) and by 
immunostaining. Previously, Davis et al. (2002) reported the expression pattern of 
heph in stage 10 egg chambers using a traditional HRP detection system. Here, heph 
mRNA is highly expressed in the nurse cells, and is uniformly expressed in the 
newly deposited embryo, indicating that heph is a maternally contributed transcript. 
However, this previous study did not examine the expression of heph mRNA in 
earlier egg chambers when important RNA localization events are taking place. 
This work is consistent with the previous study in that heph is strongly expressed in 
stage 10 egg chambers. heph is only weakly expressed in younger egg chambers 
(Fig. 5.2C, D). Distinct foci of heph, which may correspond to nascent transcripts, 
were detected in nurse cell nuclei and throughout the cytoplasm of the nurse cells at 
stage 10 (Fig. 5.2A, B). The ability to possibly detect nascent transcripts may he due 
to the large size of the heph gene, and therefore of the unspliced nascent transcript 
following transcription. Confirmation of the identity of these foci could be obtained 
by in situ hybridisation using a probe for an intron within the heph gene, where the 
intron probe would give the same expression pattern as the antisense probe. 
Also consistent with Davis et al. (2002), heph expression becomes patterned in the 
developing CNS in late stage embryos. FISH on mixed stages of embryo revealed 
that heph is expressed in a subset of cells of the CNS stages 13-16 (Fig. 53A). 
Visualization at a higher magnification showed that heph RNA is asymmetrically 
localized within these cells (Fig. 5.313). 
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Figure 5.2 heph is strongly expressed in stage 10 egg chambers. (A-D) Iw,th is 
detected in the nurse cell nuclei and cytoplasm of stage lOB egg chambers. (A) 
Distinct foci of heph are detected within nurse cell nuclei using an antisense heph 
RNA probe, but not with (B) a sense heph RNA probe control. (C) heph is more 
weakly expressed in younger egg chambers and is not detected in these stages using 
the (0) sense probe. Scale bars and associated numbers represent ttm. 
W. 
heph 	 DAPI 	 Merge 
Figure 5.3 heph is expressed in the CNS of late stage embryos. (A) heph is 
expressed in a subset of cells of the CNS, and (B) heph mRNA is asymmetrically 
localized within these cells. 
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The expression pattern of Heph protein during oogenesis 
Staining with anti-Heph antibodies revealed localization in the cytoplasm of the 
follicular epithelial cells throughout oogenesis (Fig. 5.4A-E). In the germline, Heph 
is present in the oocyte cytoplasm with an accumulation at the posterior pole of the 
oocyte from around stage 9 of oogenesis onward (Fig. 5.4C-E). The posterior 
localization of Heph is particularly strong in late stage 10 egg chambers (Fig. 5.4D-
E). Heph therefore colocalizes with localized osk mRNA at later stages of oogenesis. 
No staining at the dorso-anterior cap coincident with grk RNA, or at the anterior with 
bicoid mRNA, was observed. 
Heph specifically associates with grk and osk mRNAs 
Given the in vitro association of Heph and grk (OLS) RNA, and the colocalization of 
Heph and osk mRNA, immunoprecipitation experiments were carried out to ask 
whether Heph is a component of localized RNPs in the germline. RT-PCR showed 
that grk and osk mRNAs are present in the fractions precipitated from GFP-Heph 
protein-trap ovaries and from SqdGFP control ovaries using anti-GFP antibodies, but 
not in anti-GFP immunoprecipitates from wild-type control females, or from control 
rabbit serum (Fig. 5.5). For explanation of anti-CG 17838 immunoprecipitation see 
Chapter 6. No specific enrichment of rnRNAs highly expressed in ovaries (rp49, 
iuhulin670, other mRNAs asymmetrically localized within the oocyte (hicoid, 
iwiios) or the non-localized mRNA control from the initial in vitro experiments 
(hunchback) was observed in the GFP-l-leph precipitated fractions. This was also the 
case for SqdGFP precipitated fractions, the only difference being that hcd was 
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Figure 5.4 Distribution of Heph during Drosophila oogenesis. (A-E) Stages 4-6 
(A), stage 8 (B), stage 9 (C) and stage lOB (D and E) stained with anti-Heph 
antibodies and DAPI. (E) is an enlargement of the oocyte shown in the egg chamber 
in (D). Scale bars and associated numbers represent pm. 
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Figure 5.5 Heph associates with grk and o.sk rnRNAs. RT-PCR amplification of 
mRNAs recovered in fractions immunoprecipitated from GFP-Heph protein trap, 
SqdGFP control or Oregon-R control ovarian extracts using anti-GFP, anti-CG 17838 
(see chapter 6) and control rabbit serum. l=lnput RNA (100/o);  PI — control rabbit 
serum; -/+RT=minus/pl us reverse transcri ptase. 
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heph mutant alleles 
The spatial and temporal distribution of heph RNA and protein, in addition to the 
ability to specifically bind osk mRNA suggests that Heph regulates osk mRNA 
localization and/or localized translation. The biochemical evidence, first the 
identification of Heph as a factor able to specifically bind GLS-containing RNA 
(Chapter 4), and second, the ability of Heph to bind specifically to grk mRNA in 
ovarian extracts, also indicates that Heph may regulate grk mRNA localization 
and/or translation. The function of Heph in osk mRNA regulation was studied and 
published (Besse et al., 2009) during the preparation of this thesis. This study 
identified Heph as a key structural component of osk RNP complexes, required for 
efficient osk niRNA localization and also translational repression of osk mRNA 
during localization. Heph is required indirectly for osk localization through the 
properly timed organization of the oocyte microtubule cytoskeleton, but directly 
controls osk translation through the multimerization of individual osk mRNA 
molecules and the formation of high order translationally repressed osk RNP 
complexes. The remainder of this work therefore focussed on the regulation of grk 
mRNA. 
To investigate the role of Heph in grk mRNA regulation, three different alleles, 
known to affect wing development, and belonging to the same lethal 
complementation group were used. These alleles also fail to complement the male 
sterility of the original P-element-induced allele heph2 (known to map to an intron-
Fig. 5.6A). heph°3429 is a P-element insertion that maps to a large intron (Fig. 5.6A). 
heph and heph 2 are EMS-induced mutations. The first is a mis-sense mutation that 
substitutes a conserved glycine (G) residue to a glutamine (Q) residue in RRM I, and 
the second corresponds to a deletion covering RRM 1, RRM 2 and part of RRM 3 
(Dansereau ci al., 2002; Fig. 5.6A, B). 
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Due to the lethality of these alleles, it was necessary to make germline clones using 
the FLP-DFS technique (Chou and Perrimon 1993; Chou and Perrimon 1996; Fig. 
5.7). hephe2  behaves as a null allele (Dansereau et al., 2002), whilst hep/i" and 
heph°3429 are hypomorphic mutants strongly affecting heph expression levels (Fig. 
5.11). Germ cells homozygous for heph'2 fail to produce differentiated egg chambers. 
hepis mutant eggs have patterning defects 
Analysis of patterning and dorsal appendage morphogenesis in the eggshell is a 
sensitive way in which to investigate Grk signalling within the egg chamber. A 
number of eggshell phenotypes were observed. None of the eggs laid were fully 
wild-type (class A) (Fig. 5.8A and table 5. 1), and most were shorter and rounder than 
wild-type eggs (class B-D) (Fig. 5.813-13, and table 5.1). There were a number of 
phenotypes seen in the dorsal appendages; wild-type length with smooth edges (class 
B) (Fig. 5.813 and table 5. 1), broader than wild-type with ragged edges (class C) (Fig. 
5.8C and table 5. 1); shorter with ragged edges, resembling 'antlers', joined at the 
centre by additional dorsal appendage material (class D (Fig. 5.8D and table 5.1). 
Within class D,- the operculum of a number of eggs was weak, and cytoplasm 
streamed from the anterior upon preparation, leaving a hole in the chorion (Fig. 
5.813). A small number of eggs were also fully open at the anterior (class E) (Fig. 
5.8E and table 5. 1), resembling eggs laid by cup mutants. The distribution of the 
numbers of eggs in the different classes varies for hephel  and heph°3429 eggs. The 
majority of hephdl  eggs were class D, whilst heph °3429 eggs were class B or C. 
The eggshells shown in Fig. 5.813-13 have characteristics of those that are slightly 
dorsalized. The eggs are short and round, and the dorsal appendages are broader than 
wild-type (Fig. 5.8C), or there is ectopic dorsal appendage material at the midline 
(Fig. 5.813). The dorsal appendages of the eggs in Figure 5.8D resemble the 'moose 
antlers' seen in bz,/Iwinkle (hik) mutants, where the follicle cell migrations that form 
the dorsal appendages are abnormal. The lack of wild-type heph function also results 
in a partial dumpless phenotype (due to incomplete transfer of nurse cell contents 
into the oocyte at stage 11), and the eggs resemble the dumpless eggs seen for 
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Figure 5.6 The heph locus and associated alleles. (A) A number of alleles map to 
the heph locus. Two P-element alleles, heph2 (Castrillon el al., 1993) and heph 329 
(Dansereau el aL, 2002) map to heph introns. (A and B) Two EMS-induced alleles, 
heph" and heph", alter RRM domains. hep!(2 is a deletion of several coding exons 
including the coding region for RRMI, RRM2 and part of RRM3. heph" is a mis-
sense mutation that changes a glycine (G) to a glutamine (Q) in RRM I 
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Figure 5.7 Genetic strategy for generation of heph germline clones using the 
FLP-DFS system (Chou and Perrimon, 1993; Chou and Perrimon 1996). Flies 
carrying heat-shock induced flippase (70FLP) and also ovo on an FRT82B 
chromosome were crossed to flies carrying the heph mutant allele also on an FRT82B 
chromosome. The red 'X' shows a mitotic recombination event between the two FRT 
sequences, which occurs after induction of FLP expression in response to heat-shock. 
'''8  is a dominant female sterile (DFS) mutation that blocks oogenesis at early 
stages. Within a clonal ovary, the only egg chambers that develop to later stages are 
those that are homozygous for the heph mutant allele. 
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Figure 5.8 IsepI: mutant eggs have patterning defects. (A) Wild-type egg with two 
dorsal appendages that mark the dorsal anterior surface (B-D) Eggs are shorter and 
rounder in the heph mutant alleles and have a range of dorsal appendage defects from 
(C) broad with ragged edges to (D) shorter with 'antlers', joined by additional dorsal 
appendage material (E) A small number of eggs are fully open at the anterior. 
157 
Chapter 5 	 The functions of Hephaestus during Drosophila oogenesis 
mutants where actin dynamics or regulation is perturbed. The eggshells shown in 
Fig. 5.8E are fully open at the anterior and resemble eggs laid by cup mutant 
females. Cup eggs result from defects in centripetal cell migration to close the 
eggshell (for review of eggshell patterning see Berg, 2005). 
TABLE 5.1 Quantitation of eggshell phenotypes observed for heph" and 
/ieph °3429 germline clones (shown in Fig. 5.8). 
% eggshell phenotype 
Genotype A B 	 C 	 D 	 E 
wild-type 
W 100 0 	 0 	 0 	 0 
(n=153) 
heph" 0 24.3 	 10.8 	 56.8 	 8.1 
(n=1 11) 
heph 03429 0 42.2 	 42.2 	 8.9 	 6.7 
(n=135) 
grk mRNA localization is not perturbed in heph mutant oocytes 
Due to the dorso-ventral patterning defects seen in hep/i mutant eggs, the distribution 
of grk mRNA and Grk protein was examined in heph mutant egg chambers. In wild-
type egg chambers, the pattern of grk mRNA localization changes during the 
progression of oogenesis. In early oogenesis (stages 1-7), grk is localized in a 
posterior crescent between the nucleus and the overlying follicle cells (Fig. 5.9A). 
During stages 7 and 8, gik begins to accumulate around the new dorso-anterior 
position of the nucleus as well as forming a transient ring at the anterior of the oocyte 
From stages 9 to I OB, grk is tightly localized in a dorso-anterior cap near the oocyte 
nucleus (Fig. 5.9C, E). grk mRNA localization in hepif' and heph 429 oocytes was 
analysed by in sin, hybridisation and found to be identical to the wild-type pattern of 
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Figure 5.9 (continued) grk mRNA localization is not perturbed in heph mutant 
oocytes. (A, C, E) Oregon-R egg chambers at stages 6, 9 and 10 of oogenesis 
respectively showing grk mRNA localization. (B, D, F) heph germline mutant egg 
chambers of the same respective stages show no difference in grk mRNA localization 
when compared to Oregon-R. Scale bars and associated numbers represent ttm. 
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Grk protein is mislocalized in heph mutant oocytes 
During early and mid-oogenesis the distribution of Grk protein mirrors that of grk 
mRNA, reflecting the two signalling events in which Grk acts to polarize both the 
follicular epithelium and the future embryo. At stage 6, Grk is enriched at the 
posterior of the oocyte (Fig. 5.1OA), whilst by stage 9 Grk is at the dorso-anterior cap 
where it colocalizes with cortical actin (Fig 5.1OD, G). At later stages of oogenesis 
(stages 10- 12) the distribution of the Grk protein is different to that of the grk mRNA 
(Fig. 5.1OJ, M). While the grk mRNA is still tightly localized to the dorso-anterior 
cortex of the oocyte, the distribution of Grk protein extends over approximately half 
the length of the dorsal midline of the oocyte to form an elongated anterior to 
posterior stripe (Neuman-Silberberg and Schupbach, 1996). Grk is present in the 
oocyte cytoplasm close to the nucleus, and in neighbouring follicle cells, but closer 
inspection reveals that at these stages the bulk of Grk lies in the extracellular space 
between the cortices of the oocyte and the follicular epithelium (Pizette el al., 2009). 
Grk can diffuse within this space in a process regulated by glycosphingolipids 
(Pizette et al., 2009). 
Grk protein localization is wild-type up to stage 9 of oogenesis in heph mutant 
oocytes (Fig. 5.IOB, C, E, F, H, I). However, in stage IOA and lOB heph mutant 
oocytes, Grk is mislocalized throughout the oocyte cytoplasm (Fig. 5.10K, L, N, 0). 
In 42.9% heph°3429 stage 1OA (n=35) oocytes and 66.7% of lOB (n=36) oocytes Grk 
was dispersed throughout the oocyte cytoplasm. The percentage of oocytes with this 
defect was higher in the heph mutant where 96.9% stage IOA (n=32) and 97.3% 
stage lOB (n=37) oocytes showed Grk throughout the oocyte cytoplasm. The total 
levels of Grk protein are unaffected in heph mutant ovaries (Fig. 5. 11), indicating 
that the phenotype is due to mislocalization of translated protein, and not to 
overexpression of Grk. Stage 10 heph mutant egg chambers are also occasionally 
smaller than wild-type, but do not appear to have defects in actin organization. 
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Figure 5.10 Grk protein is mislocalized in heph mutant stage 10 oocytes. (A) 
Oregon-R egg c hambers at stage 6 of oogenesis. Egg chambers have been stained 
with anti-Gurken, DAPI and Phalloidin (labels F-actin), showing Grk localization 
throughout oogenesis. (B) hepi?' germline mutant egg chambers at stage 6 show no 
difference in Grk distribution when compared to Oregon-R. (C) heph°3429 germline 
mutant egg chambers at stage 6 show no difference in Grk distribution when 
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Figure 5.10 Grk protein is mislocalized in heph mutant stage 10 oocytes. (D) 
Oregon-R egg c hambers at stage 8 of oogenesis. Egg chambers have been stained 
with anti-Gurken, DAM and Phalloidin (labels F-actin), showing Grk localization 
throughout oogenesis. (E) heph germline mutant egg chambers at stage 8 show no 
difference in Grk distribution when compared to Oregon-R. (F) heph°5429 germline 
mutant egg chambers at stage 8 show no difference in Grk distribution when 










Figure 5.10 Grk protein is mislocalized in heph mutant stage 10 oocytes. (G) 
Oregon-R egg c hambers at stage 9 of oogenesis. Egg chambers have been stained 
with anti-Gurken, DAPI and Phalloidin (labels F-actin), showing Grk localization 
throughout oogenesis, (H) heph" germline mutant egg chambers at stage 9 show no 
difference in Grk distribution when compared to Oregon-R. (I) hephO549  germline 
mutant egg chambers at stage 9 show no difference in Grk distribution when 
compared to Oregon-R. Scale bars and associated numbers represent tm. 
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Figure 5.10 Grk protein is mislocalized in heph mutant stage 10 oocytes. (J, NI) 
Oregon-R egg chambers at stages I OA and 1013 of oogenesis respectively. Egg 
chambers have been stained with anti-Gurken, DAPI and Phalloidin (labels F-actin), 
showing Grk localization throughout oogenesis. (K, N) In hepht  germline mutant egg 
chambers at stages IOA (K) and lOB (N), Grk is evenly distributed throughout the 
oocyte (L) The majority of heph°3429 stage 1OA oocytes had a localized Grk 
distribution, although in 42.9% heph°34 mutant oocytes Grk was evenly distributed 
throughout the oocyte. (0) In the majority of heph'429 stage JOB oocytes Grk was 



















Figure 5.10 Grk protein is niislocalized in heph mutant stage 10 oocytes. (J, M) 
Oregon-R egg chambers at stages IOA and lOB of oogenesis respectively. Egg 
chambers have been stained with anti-Gurken, DAPI and Phalloidin (labels F-actin), 
showing Grk localization throughout oogenesis. (K, N) In hepht  germline mutant egg 
chambers at stages 1OA (K) and lOB (N), Grk is evenly distributed throughout the 
oocyte. (L) The majority of heph°429 stage I OA oocytes had a localized Grk 
distribution, although in 42.9% heph°3429 mutant oocytes Grk was evenly distributed 
throughout the oocyte. (0) In the majority of heph° ' 429 stage JOB oocytes Grk was 
dispersed throughout the oocyte cytoplasm. Scale bars and associated numbers 
represent 11m.  
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Figure 5.11 Levels of Grk protein are unaffected in hepi: mutant ovaries. 
Western-blot analysis comparing Heph and Grk levels in wild-type (14') ovarian 
extract with those in ovarian extracts derived from heph germline clones. Actin was 
used as a loading control. 
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Discussion 
Heph colocalizes with osk mRNA during oogenesis 
In agreement with studies by Davis et al. (2002), heph mRNA was detected by in 
situ hybridization in the ovaries, where it is most strongly expressed in the nurse 
cells of stage 10 egg chambers. Furthermore, it was also possible to detect distinct 
foci, perhaps nascent heph transcripts, within the nuclei of the nurse cells at this 
stage. Due to the large size of the gene, the possibility that these foci are nascent 
transcripts is not surprising. In the germline, Heph protein is present in the oocyte 
cytoplasm with an accumulation at the posterior pole of the oocyte from around stage 
9 of oogenesis onward, and this posterior localization of Heph is particularly strong 
in late stage 10 egg chambers. This pattern of expression is consistent with a role in 
the regulation of localized ask mRNA. Heph has recently been shown to be required 
for correctly timed ask localization, possibly indirectly via a delay in focussing 
microtubule plus ends to the posterior pole of the oocyte (Besse et al., 2009). Here, it 
was speculated that Heph regulates the splicing of genes involved in the 
establishment of microtubule polarity. However, the major function for Heph is in 
the multimeri7.ation of individual uck mRNA molecules and the formation of high 
order translationally repressed ask RNP complexes (Besse el al., 2009). Heph is also 
localized in the cytoplasm of the follicular epithelial cells throughout oogenesis, 
indicating that Heph may function in the somatic as well as the gerrnline cells of the 
egg chamber. No staining at the dorso-anterior cap coincident with grk RNA was 
observed, although interaction with grk niRNA may be transient at any of a number 
of stages of grk mRNA localization. 
Besse ci a/. reported that Heph (both endogenous and GFP-Heph) colocalizes with 
ask and ask-associated Stau, throughout oogenesis. Additionally, Heph was shown to 
be present in the cytoplasm of the follicle cells only at late stages of oogenesis, and 
also to localize in the nuclei of both somatic and germline cells. The differences in 
expression pattern between the work in this thesis and in Besse el al. may be due to 
MO.  
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the use of different antibodies (Besse et al. raised two antibodies against 
recombinant-PTB in rabbits and rats) or conditions for immunostaining. 
Heph interacts specifically with grk and osk mRNAs 
The results of RNA immunoprecipitation experiments indicate that Heph binds 
specifically to grk and osk mRNAs, whilst Sqd binds specifically to grk, osk and also 
bed mRNAs. Neither protein interacted with hh or nos mRNAs. These results are 
consistent with GRNA experiments (Chapter 4) in which both proteins also 
specifically associated with ORFI6 RNA, and therefore suggest that Heph is 
involved for the regulation of localized grk mRNA in addition to osk mRNA. 
Heph has multiple functions in Drosophila oogenesis 
Examination of heph germline clones reveals multiple roles for heph in the female 
germline. Germ cells homozygous for the null allele hephe2  stop developing after the 
formation of 16-cell cysts (Besse el al., 2009) and fail to produce differentiated egg 
chambers, suggesting that Heph function is required for early germ cell maintenance. 
The eggshell phenotypes of lieph hypomorphic mutant eggs reveal further functions 
for heph. The eggs are short and round with a number of dorsal appendage defects. 
The dorsal appendages are broader than wild-type, or shorter with ectopic dorsal 
appendage material at the midline. The dorsal appendages of these eggs also 
resemble the 'moose antlers' seen in hid/winkle (hwk) mutants, suggestive of a defect 
in follicle cell migration and dorsal appendage morphogenesis. Moreover, a number 
of the eggs also displayed a dumpless phenotype, or were fully open at the anterior, 
indicative of defects in actin regulation and centripetal cell migration. Analysis of 
grk and Grk expression throughout oogenesis further shows that although grk mRNA 
localization is unaffected throughout oogenesis, Grk protein is dispersed throughout 
the cytoplasm of stage I OA and I OB oocytes. This phenotype is consistent with a 
defect in the processing of Grk protein following synthesis, and may explain the 
presence of ectopic dorsal appendage material at the midline of heph mutant eggs. 
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Therefore, from the analysis of heph mutant germline phenotypes it seems that heph 
may be required for germ cell maintenance, Grk processing, dorsal appendage 
morphogenesis, centripetal cell migration and nurse cell dumping, in addition to the 
characterized role of 1-leph in ask mRNA localization and translational repression 
(Besse el al., 2009). Multiple functions for Heph in oogenesis is not surprising given 
that Heph orthologues are involved in many different processes. These different 
potential functions are now considered in greater detail. 
Grk processing 
Grk protein is synthesized as a 285-amino acid transniembrane protein precursor and 
is cleaved in the ER by a specific protease, Brother of Rhomboid (Bokel et al., 2006; 
Ghiglione et al., 2002 Guichard ci a/., 2000; Urban el al., 2002). Cleavage generates 
a lumenal fragment that is transported to the Golgi and released by exocytosis. The 
transmembrane protein Cornichon (Cni) is essential for Grk secretion and is thought 
to act as a specific cargo receptor for the cleaved lumenal Grk fragment in ER to 
Golgi transport (Bokel et al., 2006; Roth et al., 1995). At stage 8 Grk is concentrated 
within the oocyte at the dorso-anterior corner, and is present in the extracellular 
space between the cortices of the oocyte and the follicular epithelium above the 
oocyte nucleus (Herpers and Rabouille, 2004). A small fraction is also seen in the 
adjacent follicle cells due to uptake of secreted protein (Ghiglione el al., 2002). From 
stage IOA onwards the bulk of Grk lies in the extracellular space (Pizette et al., 
2009). Grk diffuses within this space in a process regulated by glycosphingolipids 
(Pizette ci al., 2009) to form an elongated anterior to posterior stripe (Neuman-
Silberberg and Schupbach, 1996) that extends over approximately half the length of 
the dorsal midline of the oocyte. In the extracellular space. Grk can bind the 
epidermal growth factor receptor Torpedo in the plasma membrane of the follicle 
cells, inducing a signalling cascade that ultimately leads to the induction of dorsal 
fate in these cells. 
The exocytic pathway in the stage 9-10 Drosophila oocyte comprises a continuous 
ER that pervades the entire oocyte (Bobinnec ci al., 2003; Herpers and Rabouille, 
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2004). Newly synthesized proteins exit the ER at specialized transitional ER sites 
(tER; ER exit sites). In Drosophila the Golgi apparatus does not always exhibit a 
typical morphology of stacked cisternae, but can form a clusters of vesicles and 
tubules that are positive for several Golgi markers and are dispersed throughout the 
cytoplasm. The Golgi apparatus are in proximity to tER sites, and the resulting 
membrane structure of one tER site and one Golgi complex is known as a tER-Golgi 
unit. In the Drosophila oocyte, multiple identical tER-Golgi units are evenly 
distributed throughout the cytoplasm (Herpers and Rabouille, 2004). Despite the 
continuity of the ER and the presence of numerous tER-Golgi units, only a subset at 
the dorso-anterior corner of the oocyte are involved in the transport, processing and 
secretion of Grk. Furthermore, mutants in which grk mRNA is mislocalized show 
that the localization of grk controls the choice of the tER-Golgi units used (Herpers 
and Rabouille, 2004). 
When either Grk cleavage or ER to Golgi transport is compromised, Grk 
mislocalizes throughout the ER or in the oocyte cytoplasm. In cni mutants, Grk is 
retained intracellularly and is observed throughout the entire oocyte. In these 
mutants, Grk abnormally diffuses into the ER lumen throughout the oocyte and is not 
sorted at tER-Golgi units (Herpers and Rabouille, 2004; Bokel el al., 2006). The 
same effect is also observed when ER exit is chemically blocked (Herpers and 
Rabouille, 2004). Furthermore, a form of Grk that cannot be cleaved accumulates in 
and is dispersed throughout the oocyte cytoplasm (Pizette et al., 2009). The dispersal 
of Grk throughout the oocyte in hepli mutants suggests that Heph could possibly 
function in the cleavage or in the regulation of secretion of Grk. 
It is unclear as to how Heph bound to grk mRNA could regulate the secretion of Grk 
protein, and it is probable that the eggshell and Grk phenotypes observed for heph 
mutants and the ability of Heph to interact with grk mRNA and associate specifically 
with RNA containing the GLS (Chapter 4) are unrelated. Intriguingly however. 
Me3 I B and Cup are thought to be components of the grk transport RNP and grk-
containing sponge bodies, but also exist in a complex (with Tral) that is associated 
with tER sites. This complex is thought to regulate tER site function and assembly 
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(Wilhelm et al., 2005) by regulating the translation of tER components. Furthermore, 
BicC was also identified as binding specifically to GIS-containing RNA, and is also 
thought to regulate tER site function (Kugler et al., 2009; Snee and Macdonald, 
2009). BicC mutants interact genetically with ti-al and cni mutants, and both B/cC 
and ti-al mutants lay ventralized eggs. The eggs are ventralized because Grk is 
sequestered into large 'actin cages' enriched in secretory proteins. Heph mutant eggs 
appear to be slightly dorsalized, but this could be due to diffusion of Grk within the 
ER, unrestricted use of all tER sites and therefore low level Grk signalling all over 
the oocyte. This could also give rise to ectopic dorsal appendage material at the 
midline, as very high Grk signalling is required here to properly specify follicle cell 
fate at the midline. It is possible then that 1-leph is required from stage 10 of 
oogenesis at tER sites in the dorso-anterior corner of the oocyte. At these sites Heph 
would then act to restrict the selection of tER-Goigi units, and therefore Grk protein 
trafficking to this region only. Together, Me3 1 B, BicC, Cup and Fleph, all known or 
potential components of the grk RNP, may also act to promote efficient and 
restricted local secretion of Grk protein. 
A more detailed analysis of Grk localization and Grk signalling within heph mutant 
oocytes is therefore required in order to test this hypothesis. The colocalization of 
Grk with various ER, tER and Golgi markers, such as Sari (tER sites), Surf4 (ER 
membrane), Boca (ER resident protein) and Lava Lamp (Golgi), could be used to 
visualize where mislocalized Grk is in heph mutant oocytes. This could also be 
looked at closely using EM techniques. Grk signalling can be assessed using markers 
for Top activation, such as mirror, and for follicle cell fate, such as Broad, Rhomboid 
and the enhancer trap line PZ5650, that marks the follicle cells that will form the 
dorsal appendages. The presence of Grk in the extracellular space between the 
oocyte and the follicle cells should also be examined closely as should genetic 
interactions between heph, cni, BkC and Iral. 
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Nurse cell dumping 
The lack of wild-type heph function also results in a partial dumpless phenotype due 
to incomplete transfer of nurse cell contents into the oocyte at stage 11. heph mutant 
eggs resemble the dumpless eggs seen for mutants where actin dynamics or 
regulation is perturbed (for example, quail mutant eggs) (Robinson and Cooley, 
1997). These eggs are also small with abnormal, paddleless dorsal appendages. 
However, initial examination of heph mutant egg chambers does not reveal any 
defects in actin organization up to stage lOB of oogenesis. It is possible that actin 
defects are only seen later in oogenesis, or were missed in this analysis, and so 
should be looked at in greater detail. BicC and tral mutants also have a dumpless 
phenotype, and either lack the actin organization required for dumping, or the actin 
cytoskeleton has an abnormal distribution and appearance. It is therefore possible 
that heph could be acting in concert again with BicC and Tral in the organization of 
the actin required for nurse cell dumping. 
Follicle cell migration: dorsal appendage morphogenesis and centripetal cell 
migration 
The dorsal appendages of heph mutant eggs resemble the 'moose antlers' seen in 
hziI/winkle (bwk) mutants (Rittenhouse and Berg, 1 995). Dorsal appendage formation 
involves the coordinated movement of roof and floor dorsal follicle cells progressing 
through three distinct phases of morphological change. Not only do the cells 
reorganize to form a tube, but the tube extends over the apoptosing nurse cells and 
then alters shape to create paddles. In hwk mutants, migration of the follicle cells that 
will form the dorsal appendages is abnormal. This is due to defects in the expression 
of signalling molecules that control the identity of the stretched cells, that in turn 
possibly produce guidance cues for the migration of the dorsal follicle cells (Tran 
and Berg, 2003). Mutations in 'dumpless' genes also result in abnormal dorsal 
appendages. It has been proposed that the residual nurse cell material in these 
mutants acts as a barrier that inhibits normal follicle cell migration (Schupbach and 
Wieschaus, 1991). It is possible that the partially dumpless nature of hep/i mutants 
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therefore results in dorsal appendage defects. However, as exemplified by bwk, a 
number of signalling pathways are also required for dorsal follicle cell migration and 
correct dorsal appendage morphogenesis, including the Notch pathway (Ward et al., 
2006). As heph is a regulator of the Notch pathway in the Drosophila wing 
(Dansereau el al., 2002), it is possible that heph is acting non-cell autonomously in 
the germline to influence Notch signalling in the dorsal follicle cells. 
A small number of heph mutant eggshells are fully open at the anterior and resemble 
eggs laid by cup mutant females. cup eggshell defects result from the disruption of 
centripetal cell migration to close the egg (Berg, 2005). It is possible that the open 
anterior is an indirect effect of a defect in dumping in heph mutants. This can alter 
follicle cell function by disrupting the relative positions of, and coordination 
between, the germline and follicle cells. The small size of the oocyte can prevent the 
bulk of follicle cells from moving over the oocyte during the middle stages of 
oogenesis, and those cells competent to carry out centripetal migrations are too far 
anterior to migrate between nurse cells and oocyte, resulting in an open-ended 
eggshell. However, a number of signalling pathways can also regulate centripetal cell 
migration, including the Notch pathway. Notch mutant females lay cup eggs with an 
open anterior and short, wide dorsal appendages (Dobens et al., 2005), and late 
Notch signalling in the centripetal cells is required for migration. Therefore, it may 
be that heph is also acting non-cell autonomously in the germline to influence Notch 
signalling in the centripetal follicle cells. 
Heph may function in the Drosophila nervous system 
heph expression becomes patterned in the developing CNS in late stage embryos, 
suggesting that heph may be required for the development of the nervous system. 
Consistent with this was the identification of heph in a screen designed to identify 
genes affecting neural development (Norga et al., 2003). Interestingly, the same 
screen also identified a number of other RNA binding proteins implicated in mRNA 
localization/localized translation, including Imp and Smooth. An RNA localization 
function for heph in the developing nervous system also has a precedent in that PTB 
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is required for the localization of 13-ac/in mRNA transcripts to neurite terminals (Ma 
et al., 2007) and subsequently for neurite growth in rat PC 12 cell lines. It is possible 
that Heph could be added to a growing list of proteins that regulate localized mRNAs 
in both the oocyte and the nervous system. 
Intriguingly, heph transcripts appear to be asymmetrically localized in a crescent 
within cells of the CNS. Asymmetric localization of mRNA is well characterized in 
the CNS. The neural precursors of the nervous system, the neuroblasts, divide 
asymmetrically to produce an apical daughter that remains a neuroblast, and a 
smaller, basal daughter called a ganglion mother cell (GMC). The cell fate 
determinants, Numb and Prospero, become localized to the basal cortex of the 
neuroblast as it enters mitosis, and are subsequently segregated into the GMC (Hirata 
et al., 1995; Knoblich etal., 1995; Spana and Doe, 1995). Both Prospero protein and 
mRNA are localized to the basal cortex of the neuroblast (Jan and Jan, 1998). It is 
possible that local translation of Heph is required to maintain the asymmetrical 
localization of mRNAs within the neuroblast. 
To determine whether Heph functions in the nervous system in regulating localized 
mRNAs, a more comprehensive study of the Heph expression pattern in the nervous 
system is required. Visualization of Heph in primary neuronal cultures or in the 
brain, in combination with localized mRNAs such as /3-actin, CamKIia and 
chickadee (Ashraf c/ al., 2006; Estes el al., 2008) will allow us to see whether Heph 
is a component of neuronal rnRNA granules. Generation of heph mutant clones or 
overexpression of Heph in the nervous system will also reveal if heph has any 
function in the regulation of localized mRNAs in the nervous system. Within the 
embryonic CNS, identification of the specific cells in which heph is expressed is 
required. This is possible by double staining with markers for specific cell lineages 
within the CNS. It will be interesting to see where the protein, as well as the RNA, is 
expressed within the nervous system and whether the protein is also asymmetrically 
localized, as for Prospero. 
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In summary, Drosophila Heph is expressed during oogenesis in a pattern that 
supports a role in osk mRNA localization and can interact specifically with both grk 
and osk mRNAs. Mutant analysis has revealed that Heph has multiple functions 
during oogenesis and is involved in the direct translational regulation of osk mRNA 
(Besse et al., 2009), can possibly act in the regulation of localized Grk secretion, and 
may be required in the germline for Notch signalling in the follicle cells. Heph is also 
required for germ cell maintenance during oogenesis, and for germ cell 
differentiation during spermatogenesis. If Heph is also required for the regulation 
mRNAs localized within neurons, then it will add to a growing list of proteins that 
function in maternal and neuronal transport RNPs. 
The functions of mammalian and Xenopus orthologues of Heph, PTB and VgRBP60 
respectively, indicate that Heph can potentially act in the nucleus and the cytoplasm 
as a direct translational regulator, as a splicing factor and as a regulator of mRNA 
stability. Heph can promote oligomerization of RNA molecules consistent with the 
ability of PTB to restructure RNA, and may also be able to remodel RNA-protein 
complexes. The challenge in future experiments will be to define exactly how and 
why Heph interacts with grk mRNA, and how this relates if at all to a possible role 
for Heph in Grk secretion, and also how Heph can also affect follicle cell migration 
and the organization of the cytoskeleton in the egg chamber. For example, Heph 
might be required directly to facilitate proper Grk secretion, but could also regulate 
the splicing of genes required for Notch signalling or for the establishment of the 
cytoskeletal network. 
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CG17838: A CONSERVED FACTOR REQUIRED FOR mRNA 
LOCALIZATION IN OOCYTES AND NEURONS? 
Introduction 
Drosophila CG17838 was identified in Chapter 4 as one of a number of proteins able 
to bind specifically to GIS-containing RNA. It was therefore hypothesized that 
CG17838 could be a component of a grk RNP at one or a number of stages of 
oogenesis and play a role in grk, and possibly other rnRNAs, localization, localized 
translation or anchoring in the oocyte. This hypothesis is supported by functions for 
the mammalian orthologues, SYNaptotagmin-binding, Cytoplasmic, RNA-
Interacting Protein (SYNCRIP) and hnRNP R, in neuronal mRNA localization and 
translational regulation. 
CG17838 is the Drosophila orthologue of mammalian SYNCRIP and hnRNP R 
This work has identified the hnRNP protein CG 17838 as the Drosophila orthologue 
of mammalian SYNCRIP and hnRNP R. The name of SYNCRIP is derived from the 
ability of the protein to bind both ubiquitous Synaptotagmins (Syts) and RNA, and 
its cytoplasmic subcellular localization in transfected tissue culture cells, mouse 
cerebellar and rat hippocanipal neurons (Bannai el al., 2004; Mizutani c/ al., 2000). 
In mouse there are two splice isoforms, 1 and 2. Both isoforms contain an N-terminal 
acidic domain, three RRM domains, nuclear localization signals and an RGG box (a 
region rich in arginine and glycine residues that can bind RNA and protein). Isoform 
I is also referred to as hnRNP Q3 and GRY-RBP and has a C-terminal extension that 
is not present in isoform 2. Isoform 2 is also known as hnRNP QI and NSAPI, and 
has a shorter, unique C-terminus. As isoform 2 was the isoform shown to bind Syts 
and RNA and localize in the cytoplasm, SYNCRIP, unless otherwise stated, refers to 
isoform 2. In human there is a third isoform referred to as hnRNP Q2 that lacks a 
region of the second RRM domain (Mourelatos c/ al., 2001). SYNCRIP is also 
highly homologous (82% identical) to hnRNP R (Mizutani el al., 2000). Both 
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SYNCRIP and hnRNP R are ubiquitously expressed across a number of different 
tissues in the mouse. However, at the subcellular level, hnRNP R is predominantly 
nuclear (Mizutani c/ al., 2000), and it has been suggested that SYNCRIP is the 
cytoplasmic counterpart of hnRNP R. 
SYNCRIP isoforms interact with the orthologues of many of the proteins isolated by 
GRNA, and are involved in multiple forms of mRNA regulation such as the 
regulation of stability, RNA editing, splicing and mRNA localization. This suggests 
that SYNCRIP, and CG 17838, may be part of a core conserved protein complex that 
is required for a number of processes, including pre-mRNA splicing and mRNA 
localization. The functions of SYNCRIP and its interacting proteins and RNAs are 
now discussed. 
RNA editing 
Apolipoprotein (apo)B plays a central role in lipoprotein metabolism, and exists in 
two major isoforms, one of which is the result of editing of the transcript to introduce 
an alternative .stop codon. GRY-RBP has been identified as part of a large 
multiprotein complex that mediates apoB mRNA editing (Blanc el al., 2001: Lau et 
al., 2001). This complex, known as the editosome, contains Apobec-1 as the catalytic 
component and Apobec-1 complementation factor (ACF). GRY-RBP binds Apobec-
I, ACF and apoB mRNA. Furthermore, GRY-RBP binding to ACF competitively 
inhibits the binding of ACF to apoB (Blanc etal., 2001; Chen etal., 2007), thereby 
inhibiting and regulating the editing of mammalian apoB RNA during development 
(Chen ci al., 2007). 
mRA stability 
Proto-oncogene c-/os is a member of a class of genes whose transient expression 
plays a crucial role in cell proliferation, differentiation, and apoptosis. Rapid 
turnover of c-/os mRNA is an important mechanism for controlling this transient 
expression. The stability of c-/6s mRNA is controlled by the major protein coding 
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region determinant (mCRD) that facilitates deadenylation and decay of the transcript 
in a process that requires translation in order to occur (Schiavi el al. 1994). 
SYNCRIP was purified with PABP, PABP-interacting protein 1 (PAIP-l), the RNA 
binding protein Urn- and hnRNP D as part of a complex that can form on the mCRD 
(Grosset et a/., 2000). These proteins are thought to form a bridging complex on the 
mRNA between the poly(A) tail and the mCRD that stabilizes the niRNA. Ribosome 
transit is thought to reorganize or disrupt this complex so that deadenylation and 
decay can occur. c-myc mRNA is also subject to translation-coupled decay by 
polysorne-associated endonucleases (Bergstrom ci al. 2006; Sparanese and Lee 
2007). Rare codons in the CRD of the transcript are thought to slow down ribosome 
transit allowing cleavage to occur (Lemm and Ross, 2002). The mRNA is stabilized 
by a protein complex that contains SYNCRIP, IMPI, hnRNP U, Y-box protein 
YBXI, and the RNA helicase DHX9. This multi-protein SYNCRIP-containing 
complex prevents decay by sequestering the mRNA into nontranslating cytoplasmic 
RNPs (Weidensdorfer el al., 2009). 
Viral RNA regulation-translation and replication 
SYNCRIP was first identified as NS-associated protein I (NSAPI) (Harris el al., 
1999). NSI is the major nonstructural parvovirus protein and is responsible for 
multiple aspects of viral replication. A yeast two-hybrid screen for host protein 
interactors ofNSl identified NSAPI. SYNCRIP has since been shown to bind to the 
positive and negative strands of the 5'UTR of mouse hepatitis virus (MHV) with 
PTB, PABP, hnRNP Al and several other unidentified proteins, and directly regulate 
MHV RNA synthesis (Choi ci al., 2004). In addition, SYNCRIP colocalizes with 
newly synthesized HCV RNA and knockdown of SYNCRIP suppresses HCV 
replication by directly inhibiting HCV RNA replication (Liu ci al., 2009). 
In addition to viral replication, SYNCRIP is also required for HCV translation. PTB 
and a second protein, La also have this dual function in the HCV life cycle. 
Translational initiation of HCV occurs by internal entry of ribosomes into an IRES 
spanning the 5'UTR. Full activity of the IRES depends upon the presence of a 
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protein-coding sequence downstream of the initiating codon. SYNCRIP was found to 
bind this region and was shown to enhance l-ICV IRES-dependent translation. 
Knockdown experiments showed that SYNCRIP was also required for translation of 
HCV mRNA during HCV proliferation, suggesting that SYNCRIP plays an 
important role in the production of viral proteins during HCV infection (Kim et al., 
2004). SYNCRIP can also enhance IRES activity within cellular mRNAs. The IRES 
activity of Bip mRNA (Bip encodes a stress response protein) increases when cells 
are subject to heat stress and SYNCRIP is required for this response via direct 
binding to the Bip mRNA (Cho ci al., 2007). 
RNA splicing 
Drosophila CG 17838 is the only fly hnRNP protein to be consistently isolated in the 
spliceosomal B complex (spliceosomal assembly intermediate) affinity purified using 
tagged pre-mRNA (Herold el al., 2008), although its function in the spliceosome has 
not been characterized. A role for hnRNP Q in splicing was first suggested by the 
identification of hnRNPQ 3 (GRY-RBP) as a major spliceosome-associated protein 
(Neubauer et al., 1998). In in vitro splicing assays, hnRNP Q proteins 
immunoprecipitate with pre-mRNA and intron-containing RNA intermediates. 
lmmunodepletion of hnRNP Qs and the closely related hnRNP R also leads to an 
overall decrease in splicing efficiency (Mourelatos ci al., 2001). Moreover, the 
splicing activity of hnRNP Q has links to human disease. Spinal muscular atrophy 
(SMA) is a disorder characterised by muscle weakness and atrophy caused by 
progressive motor neuron degeneration. The disease is caused by mutations in the 
Survival Motor Neuron I (SMNJ) gene (Lefebvre et al., 1995), and motor neuron 
degeneration is observed when full-length SMN levels are reduced, or when SMN is 
truncated (Jablonka ci al., 2000). The human genome contains a duplication of the 
SMN gene, known as SMN2. The only coding region difference between the two is a 
single nucleotide substitution that results in skipping of exon 7 in most SMN2 
transcripts, resulting in a truncated protein that is unable to function fully (Lorson 
and Androphy, 2000). SMN2 is unable to compensate for SMN/ loss in SMA, and 
motor neuron degeneration is observed in mouse models when exon 7 is deleted 
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(Frugier et al., 2000) or human SMN2 is expressed at low levels in an SMN null 
background (Hsieh-Li et al., 2000; Monani et al., 2000). hnRNP Q can serve as a 
splicing regulator for alternative splicing of SMN. hnRNP Qi (SYNCRIP) directly 
binds to SAM exon 7 and promotes inclusion of this exon, probably by activating use 
of its upstream 3'splice site. Furthermore, the hnRNP Q2 and Q3 splice isoforms 
antagonise this activity and promote exon 7 exclusion suggesting that differential 
expression of hnRNP Q isoforms can result in fine control of SMN precursor rnRNA 
splicing (Chen et al., 2008). This also raises the possibility that hnRNP Q is a 
potential therapeutic target for SMA and could act to increase exon 7 inclusion in 
SMN2 transcripts in patients with SMA. 
SMN itself is primarily involved in the assembly of spliceosomal U snRNPs and may 
also participate in pre-mRNA splicing (Meister et a/., 2002; Paushkin et a/., 2002; 
Pellizzoni et al., 1998). SMN protein lacking exon 7 is unable to interact with U 
snRNP Sm proteins and fails to promote splicing in vitro (Pellizzoni el al., 1998; 
Pellizzoni el al., 1999). hnRNP Q proteins and hnRNP R have also been shown to 
interact in vitro and in vivo with SMN protein through the C-terminal RGG box, and 
the most common SMN mutant in SMA is deficient in its ability to interact with the 
hnRNP Q proteins (Mourelatos el al., 2001: Rossoll et al., 2002), suggesting that 
hnRNP Q and R also function with SMN protein itself in pre-mRNA splicing. 
mRNA localization 
SMN is also thought to have functions in addition to splicing in neurons, including 
the assembly and regulation of localized RNP complexes. SMN has been detected in 
the cytoplasm of neurites and axons of motor neurons (Rossoll el al., 2002; Rossoll 
et al., 2003), and has been observed in association with cytoskeletal elements in 
spinal dendrites and axons (Bechade ci al., 1999; Pagliardini et al., 2000). In 
cultured primary neurons, endogenous SMN was localized in granules (that did not 
contain other snRNP assembly factors) that extended throughout processes and into 
growth cones (Zhang et al., 2003). Furthermore, live cell imaging revealed that SMN 
granules displayed rapid, bidirectional and cytoskel eta l-dependent movements 
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(Zhang et al., 2003). Disruption of exon 7 impaired this trafficking and resulted in 
reduced neurite outgrowth. Deficiency of SMN has also been shown to result in 
reduced localization of /3-actin mRNA to distal axons and growth cones in cultured 
motor neurons (Rossoll et al., 2003) and subsequently reduced axon growth. In the 
same study. hnRNP R was also shown to modulate /3-actin localization in axons and 
could associate with the f3-actin 3'UTR in an interaction that required SMN. As 
hnRNP R also localizes with SMN in the axons of motor neurons, and binds SMN 
via a domain that is highly conserved in hnRNP Q, it is tempting to speculate that 
hnRNP Q and R are part of an SMN-containing complex that is required for axonal 
RNP localization, and that this is disrupted in SMA. 
Interestingly, the ability of SYNCRIP to bind ubiquitous Syts and RNA led to the 
hypothesis that the Syts and SYNCRIP function together in the regulation of 
organelle-based mRNA transport. Syts are thought to regulate neuronal synaptic 
vesicle docking, fusion and neurotransmitter release and non-neuronal SNARE-
based vesicle trafficking. It was therefore proposed that ubiquitous Syts and 
SYNCRIP could both regulate mRNA transport involving vesicles and membranes. 
This would not be the first example of the coupling of membrane and mRNA 
trafficking (Cohen, 2005). In S cere't'isiae, ASHl mRNA localization is coupled with 
ER segregation (Schmid et a/., 2006), whilst in Xenopus oocytes, VgI mRNA is 
associated with a subcompartment of the ER during localization (Deshler et al., 
1997) and cortical ER is implicated in anchoring localized Vg! mRNA (Alarcon and 
Elinson, 2001). 
Although SYNCRIP-dependent, membrane-coupled mRNA localization has yet to 
be shown, more direct evidence for SYNCRIP function in mRNA localization stems 
from its presence in the dendrites of rat hippocampal neurons. Proteomic analysis 
showed that SYNCRIP preferentially associates with protein complexes involved in 
mRNA processing and translation, including hnRNPs. DEAD-box helicases. PABP, 
IMP 1-3. YBX-l. La and ribosomal proteins. Within dendrites, SYNCRIP has been 
shown to be a component of granules containing IP3RI mRNA. Stau and Efla that 
are transported in a microtubule-dependent manner (Bannai ci al., 2004). SYNCRIP 
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has also been shown to interact directly with the noncoding BC200 RNA and to be 
part of the native BC200 RNP (already shown for La, FMRP and PABP; 
Kremerskothen et al., 1998a; Muddashetty et a/., 2002; Zalfa et al., 2005). The 
interaction between SYNCRIP and BC200 requires the conserved SYNCRP RRMs 
I and 2 and a poly(A) domain within BC200 (Duning et al., 2008). SYNCRIP has 
also been isolated as a component of neuronal RNA granules (Elvira et al., 2006; 
Kanai et al., 2004) including the large RNA granule purified using the tail of KIF5 
from brain extract (Kanai et al., 2004). This granule was shown to contain many 
proteins including FMRP, Stau, DEAD-box proteins, hnRNPs, Efi a and the mRNAs 
CaniKJJa and Arc. Functional analysis suggested that SYNCRIP does not play an 
essential role in dendritic RNA granule transport, but may play a role in the 
translational regulation of localized mRNAs, consistent with its interaction with 
BC200 and PABP. 
SYNCRIP has also been shown to be a component of P bodies, the RNAi machinery, 
and potentially stress granules (Moser ci al., 2007; Quaresma et al., 2009). This 
highlights again the shared components between neuronal localized RNA granules, P 
bodies and stress bodies, and also provides a further indication that small RNAs may 
act to regulate localized mRNAs. Given that these similarities extend to maternal 
RNA granules, it is a possibility that the Drosophila orthologue of SYNCRIP is 
involved in the regulation of localized mRNAs in the oocyte. 
183 
Chapter 6 	 CG 17838: a factor required for rnRNA localization in oocytes and neurons? 
Aims of this chapter 
It was the general aim of the work in this chapter to study the function of CG 17838 
in mRNA localization and localized translation in the oocyte (with particular regard 
to grk mRNA) and nervous system by asking the following questions: 
• What is the expression pattern ofCGl7838 during oogenesis 9 
• Does CG17838 interact with localized mRNAs and trans-acting factors in the 
germline? 
• Does the distribution/levels of localized transcripts and the proteins they 
encode change in CGI 7838 mutants? 
• Is the role of SYNCRIP in mammalian neuronal mRNA localization 
conserved in the Drosophila nervous system? 
184 
Chapter 6 	 CG 17838: a factor required for mRNA localization in oocytes and neurons? 
Results 
CG17838 is the Drosophila orthologue of mammalian SYNCRIP and hnRNP R 
Drosophila CG 17838 was identified by mass spectrometry in Chapter 4 as one of a 
number of proteins able to bind specifically to GLS-containing RNA. CG17838 is a 
complex gene contained within 50 kb of genomic sequence. Two genes, C631195 
(function unknown) and TakI-like 1 (TakIl; predicted to have tyrosine kinase 
activity), also lie within the first intron of CG1783 8.  Alternative splicing is predicted 
to result in a number of CGI 7838 transcripts, and therefore protein isoforms 
(CG17838.-A to -H) (Fig. 6.1). CG17838-F was identified in GRNA mass 
spectrometry. BLAST searches identified mammalian SYNCRIP and hnRNP R as 
potential orthologues of CG17838-F, with up to 47.1% amino acid identity and 
59.6% similarity (table 6. 1) between the proteins. 
Mouse has two splice isoforms of the SYNCRIP protein. Isoform I (also referred to 
as hnRNP Q3 and GRY-RBP in human) is a 623 amino-acid protein composed of an 
N-terminal acidic domain followed by three consecutive RNA binding RRM 
domains, two putative nuclear localization signals (NLS), a 120 amino-acid region 
rich in arginine and glycine (RGG box) and tyrosine residues, and a C-terminal 
domain rich in glutamine (Q) and asparagines (N) residues. Isoform 2 (also referred 
to as hnRNP Ql and NSAPI in human) lacks the last 74 amino acids (that include 
one predicted bipartite NLS, and the Q/N-rich region) from the C-terminus of 
isoform I, which have been replaced by 1 5 unique amino acids. In human, there is a 
third isoform known as hnRNP Q2 that lacks 34 amino acids of RRM 2 (Mourelatos 
et al. 2001). SYNCRIP is also highly homologous to (82% identical for isoform 1) to 
hnRNP R (Mizutani el al., 2000; table 6. 1). hnRNP R has the C-terminal Q/N-rich 
extension and second NLS seen in isoform 1/hnRNP Q3/GRY-RBP, and differs in 
amino acid sequence at the N-terminus to the SYNCRIP isoforms. A schematic of 










Er irrurm B 
CG3II5 	 TaIi 
.coI7*- 
H 
F 	 A 
—I kb 
RRM 1-3 
Figure 6.1 The genomic organization of CGI 7838. CG17838 is a complex gene, 
containing 19 exons within 50 kb of genomic sequence. Two genes, 7'2k/I and 
CG31195, lie within introns, and alternative splicing is predicted to result in eight 
isoforms, CG17838-A-H. The exons encoding the conserved RRMs 1-3 are 
indicated. 
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Figure 6.2 Schematic representation of the mouse and human 
SYNCRIP/hnRNP Q isoforms, hnRNP R and CG17838-F. RRM, RNA 
Recognition Motif; NLS, Nuclear Localization Signal; RGG, arginine-glycine-
glycine-rich domain. Red line within RGG domain corresponds to a tyrosine-rich 
region. 
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Alignment of CG17838-F with all human and mouse SYNCRIP isoforms and 
hnRNP R reveals that the three RRM domains are highly conserved (percent amino 
acid identity increases up to 68% in the RRM domains; table 6.2), as is the N-
terminal domain. All human and mouse isoforms have the RGG box and tyrosine-
rich region. Both of these are absent in CG17838-F, but CG17838-F is predicted to 
contain the second bipartite NLS that is present in SYNCRIP isoform l/hnRNP 
Q3/GRY-RBP, hnRNP Q2 and hnRNP R. CG17838-F also has a C-terminus that 
contains a number of glutamine and asparagine residues (Fig. 6.3). 
Examination of other CG17838 isoforms reveals that most isoforms are also 
homologous to SYNCRIP and hnRNP R (Fig. 6.4; table 6.1). Most contain the three-
conserved RRM domains found in isoform F (Fig. 6.4). Isoform C has a stretch of 20 
amino acids that differ in sequence from F at the C-terminal end of RRM 1 (Fig. 6.4; 
table 6.2). Isoforms A, H, D and E have N-terminal extensions that are not conserved 
in SYNCRIP isoforms and hnRNP R. Isoforms B, D and G have a glycine-rich 
insertion at the C-terminus that contains multiple RG dipeptides and tyrosine 
residues. Isoform G is otherwise truncated, and consists of RRM 3 and the extended 
C-terminus only. Isoform D does not have the second predicted bipartite NLS or C-
terminus that is present in isoform F and all other isoforms. These differences 
probably reflect different tissue/cellular compartment specific functions for the 
multiple isoforms, just as SYNCRIP isoforms have different functions, and 
SYNCRIP and hnRNP R differ in their subcellular localization. For example, similar 
to SYNCRIP 2/hnRNP Q1/NSAP, isoform D does not have the second predicted 
NLS that could reflect more cytoplasmic functions for this isoform. Isoform C differs 
within RRMI and isoform G only has RRM 3 and this could reflect a difference in 
the RNA binding targets and ability for F, C and G. Different isoforms could also act 
to regulate the functions of others as hnRNP Q2 and 3 have been shown to act 
antagonistically to hnRNP QI in splicing (Chen etal., 2008). 
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The specific identification of CG 17838-F in mass spectrometry does not necessarily 
mean that CG17838-F was the isoform able to associate with OR-F16 in GRNA 
experiments. The peptides isolated were all within CG 17838-F, but as described 
above, most isoforms share the domains found in isoform F with additional 
extensions and insertions at the N- and C-termini. The absence of peptides 
corresponding to these extensions in mass spectrometry does not mean that they were 
not present. However, I chose to work with CG I 7838-F initially as preliminary RT-
PCR analysis showed that it was expressed in the ovary and it contains domains that 
are found in all other isoforms. 
Due to the conserved N-terminus and RRM domain structure, and the ability of 
CGI 7838-F to bind Drosophila Synaptotagmin and RNA (Fig. 6.6), 1 propose that 
CG17838 is a Drosophila orthologue of SYNCRIP. Multiple CG17838 isoforms 
could potentially reflect functions related to different SYNCRIP isoforms and 
hnRNP R. 
Conserved residues linked to post-translational modification 
SYNCRIP/hnRNP Q isoforms are phosphorylated at a number of residues. 
SYNCRIP was shown to be tyrosine (Y) phosphorylated in response to insulin 
stimulation in adipocytes, and this phosphorylation was increased by osmotic shock 
(Hresko and Mueckler, 2000). Furthermore, in vitro phosphorylation of SYNCRIP is 
only possible in the absence of RNA (Hresko and Mueckler, 2002). Further analysis 
of tyrosine residues that were phosphorylated in response to fibroblast growth factor 
receptor-1 (FGF-l) (Hinsby et al., 2003) identified Y-373 as a phosphorylation site 
in SYNCRIP. This residue lies within RRM 2, and so is a good candidate for a 
residue whose phosphorylation can be regulated by RNA binding. This tyrosine is 
conserved in all SYNCRIP/hnRNP Q isoforms, hnRNP R, CG17838-F and all other 
CG17838 isoforms (Fig. 6.3 and 6.4), suggesting that CG17838 could also be 
phosphorylated at this site. 
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TABLE 6.1 CC17838 is homologous to SYNCRIP and hnRNP R. Percent amino 
acid identity is indicated and, in brackets, percent similarity. Percentages were 
calculated using the EMBOSS Blosum62 pairwise alignment algorithm. 
SYNCRIP 2/ 
hnRNPQI/NSAPI 
hnRNP Q2 S\'NCRIP 1/ 
hnRNPQ3/CRY-RBP 
hnRNP R 
CG17838-F 47.1 (59.6) 42.7 (52.9) 45.9 (57.1) 46.0 (58.2) 
CC17838-A 45.1 (57.0) 41.1 (52.9) 44.1 (54.9) 44.0 (55.5) 
CG17838-B 41.8 (52.1) 42.4 (52.1) 45.1 (55.7) 44.4(55.9) 
CG17838-C 46.6 (59.6) 42.3 (52.9) 45.4 (57.1) 45.4 (57,9) 
CG17838-D 42.2 (52.9) 38.3 (48.0) 40.9 (52.0) 41.3 (52.7) 
CG17838-E 44.2 (56.3) 40.3 (50.2) 43.3 (54.2) 43.4 (55.0) 
CC17838-C 14.0 (18.1) 18.3 (23.2) 17.7 (22.3) 17.2 (22.4) 
CCI 7838-H 47.2 (59.7) 42.8 (53.0) 45.9 (57.2) 46.0 (58.0) 
hnRNP R 72.5 (80.5) 76.9 (85.2) 82.1 (90.7) 
TABLE 6.2 The RRM domains are highly conserved between SYNCRIP, 
hnRNP R and CC 17838. Percent amino acid identity is indicated and, in brackets, 
percent similarity. Percentages were calculated using the EMBOSS Blosum62 
pairwise alignment algorithm. Amino acid identity increases up to 68% in the RRM 
domains. 
RRM I 	 RRM 2 	 RRM 3 
CG 17838 	63.8 (78.8) 	68.3 (82.9) 	59.7 (80.6) 
all isoforms 
(C onh RRM 3) 
CC 17838-C 	66.2 (78.8) 	As above 	As above 
(Differs RRM 1) 
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SYNCRIP 2 RATFUVNGNGT 	 111 
hnRNPQ 1 MATEFIVNGNGT 112 
hnRNPQ 3 MATFHVNCNGT -----EPMDTTSAVIHSENFThLDACLPQKVAEKLDEI YVRGLVAHSLDRA1FALKFFNEDGALA5TLQQFKDSDLSHVQNKSAFtCG 	TYRQRE--RQGTKv 112 
hnRNPO 2 MA1'FHVNGNCT 112 
SYNCRIP I MATFNVNCN(T 111 
RnRNP 8 -MNQNCNAVQLKEEEEPMDT.SSVTHTEHYPCTLIEAGLPQKVAERLDETFQTGLVAYV1DLD RR1DALREFNEEGALSVLQQFKESDISHVQNKSAFLCGV<TYRQRE --- KQGSKV 115 
CG1 7838-F ----MAEGNCFLLDDINQKADDR6 	F RTF.3YPKLLEYGLDKKVACKLDE I YKTG81.AH?ELDRAL,DALFEFPVDGM.NVLGQFLESNLEHVENKSAYICCV?YRQKSP,ASQQGV 116 
SYNCRI P2 ADSSKGPI3EAKIKALLERTCYTLDVrTCORKYGCPPPDSVYSGQQPSVGTE IFVGKI PRDI.FE3ELVPLFEKAGPIWDI,Rt,MMDPITCINRGYPFV'rFCTPF.AAOPAVlcI,YNNFIEIRSGK 231 
hnRNPOI ADS SKGPDEAFTKAI,LERTCYTLDV'rrGQRXYC,GPPPPSVYSGOQPSVGTEIFVCKI PPDLFEDE1.VPLFEKAGP1WDLPLMJ4OPITGLNRGY7FV'pFCTKpQEAVKL,YNNHEIRSGR 232 
hnRNP03 232 
hnRNP02 232 
SYNCRI P1 AUSSFCPDFAP 231 
RnRNPR 235 
CC17838F 234 
SYNCRI P2 HIGVCTSVANNRLFW35 I PP 	TPEQILEEFSK?EGLTDVILYHQPDD8 	NRGFCFLEYEDWTMQARRRLMSGP 	WGNVGTVEWADPI EDPDPEVMAK1KVIFVPNIM4TVT!E 351 
1InRNPQ I HTCVCTSVANNRLFVGF IPKSPTPEOILEEFS 	TFCLTDVILYHQPflT)PfIINRSFCFrEyED 	TAAQARRR4SC 	WGNVCTVEWADPIEDPDPEVMAK 	FV11NT.ANTVTEF 352 
6nRNPQ3 HIGVC ISVANNRI.FVCS I PKSFTFEQI LEE FS 	TEGLTDV I LYIIOPDDKKKNRSrcrLEYEDiKTAAQARRRLMSGKVXWGNVGTVEWALDPIEDPDPEVMAP 	LFVNNLANTVTEF 352 
hnRNPQ2 NICVCISVANNRI.FVCSrPIISIcTPEQILEFFSVTFGLTDVII,YHQPDI5KPFNRSFC?LEYEDJ<TPQ ----------------------------------- VKVIFVRNLANFVTEE 317 
SYNCRIP 1 RIGVC I SVANNRLFVGS I PKSKTKEQI LEEFSFVFEGLTDVTLYHQPDDKKKNRGFCFLEYED 4XTRAQARRRLNSGK 	GNVGTVEWADPIEDPDPEVMAKVKvLFvRNLANTvrF- 351 
hnRNPR 355 
CG1 78 3SF CLRINISVPNLRLFVGNIPrSKGXDEILEEFGXLTAGLYEVS IYSSPDDKRRNRGFCFLEYES 1KAASLARRLGTGRIPVWGCDI IVDWADPc!EEPDEQ'FMSKVRVLYVRNLTQDVSEO 354 
SYNCRIP2 ILFPSFSQFCK!.ERVKKIKI AFIIIFDF.RN7AVKA1IEEMNCKDLEGENIEIVFAP 	4KAQRQAAJINQMYDDYYYYGPPRMPPPFRCRGRGGRGGYCYPPDYYGYEDYYD..YYG 470 
hnRNpQI ILFKAFSQFGPI,EI1VPKIKD AFIHFDERDGAVRAMFFMNGXDIFCEI1IETVFAK 4KAQRQSAKNQMYDDYYYYGPPHMPPPTRGRGRGCRGCYGYPPDYYCYEDYYD..YYG 471 
hnRNPQ3 ILFKAFSOFCXIERVPPILFO AFIHFDECAVPR3IFEMNG}IDLEGENIEIVFAK 	 AQRQNQMYDDYYYYGPPHMPPPTRGRCRGGRGGYCYPPDYYGYEDYYD.YYG 471 
hnRNPQ2 I LEFAFSOFCP1.ERVPK!FD PF I IIFDFGAVXAMEEM7ICRI7LECFNIEIvFAJ( KAQRQAAKNQMYDDYYYYGPPFIMPPPTRGRGRGGRGGYCYPPDYYGYEDYYD.YYC 436 
SYNCRIPI ILEKSFSQFGKI.RVKPIXD AFIHFDERDCAVPANEFMNG)II)LFGENTEIVFAK 	RKAQRQAAKNQMYDDYYYYGPPHMPPPTRCRGRCGRCGYGYPPDYYGYDYYD.YYG 470 
hnRNpR ILEKSFSEFGRLERVRPI.KD AFVHFEDRCAVKAMDEMNGKFTEGEEIEIVLF RQAAPQASRSTAYEDYYYIIPPPRMPPPIRGRGRGGRGGYGYPPDYYGYEDYYDDYYG 475 
CGI7838F FLKEOFEQYCKVtRVJIKIPO AFIHFEDRDSAVEANRCLNGKEICASNIEVSLAK 	EEILRARERRNNQMNQARPGIVC 	 NLSPF -------------- 445 
SYNCRIP2 YDYHNYRGGYEDPYYGYED-FQVGARGRGGRGARGAAPS-RGRGAAP-PRGRAGYSQRGGP-GSARGVRGARCC-AWQRGRGQGKGVEAG ------------------ PDLLQ------ 562 
RnRNPQ1 YDYNNYRGGYEDPYYGYEO_FOVGGRGGRGARGAAPS_RGRGPGRAGYSQRGGPSARCVRGGCAQQQRGRG.VKGVtAG------------------PDLLQ------ 561 
hnRNP03 YDYHNYRGGYEDPYYGYED-FQVGARGRGGRGARGAAPS-RGRGAAP-PRGRAGYSORGGP-GSARGVRGARGG-AQQORGRG-VRGARGGRGGNVGG 	 QT--- 580 
RnRNP02 YDYHNYRGGYEDPYYGYFD-FQvGp.RCRCCRGARC.ps 	 QT--- 545 
SYNCRI P1 YDYHIYRGGYEDPY?GYED-FQVG14RCRCRGARCAAPS -RGRGAAP-PRCRAGYSQRGGP-G SARCVGRGG-RQQQRCRG-VRGpRCCRGGNvGQ 	 QT--- 579 
RnRNPR YDYHDYRGCYEDPYYCYDDCYAVRGRG_GGRGGRCPPPPRCRCAPP_PRGPCYSQRGAPLGPPRGSRGCRGGPAQQQRCRCSRCGNRGG 	 QT--- 587 
C017838F ---------- HPSIMSLTP-MRPAR ---------- MPt-R ---- TPIPREY ------------------------------------------- VVG 	 YPSGL 496 
SYNCRTP2 
hnRNPQI 
h nRNPQ3 	 --NNQ-NWGSQPIAQOPLQ-GGDHSGNYGYKSENQEFYQDTFGQQWR 623 
NnRNPQ2 --NNQ-NWGSQPIAQOPLQ-GCDHSGNYGYSENQEFYQDTF7QQW1( 588 
SYNCRIPI 	 .-NNQ.NWGSQPIAQQPLQ_GCDHSGNYCYRSENQFFYQDTFGQQWp 622 
STIRNPR --NNQQNWCSQP IAQQPLQQGGDYSGNYGYNNDNQEFYQDTYGQOW1c 632 
CC17838F 	IGNCG-SWCSLPI.PQQPL ------- GI'NG ----- EQWYMOFF-SAWS 529 
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Figure 6.3 Alignment of mouse SYNCRIP/human hnRNP Q isoforms, hnRNP R and Drosophila CG17838-F. Blue line. RRM domains: green line. RGG domain: 
red line, tyrosine-rich region: orange residues, predicted NLS sequences: red residues, post-translationally modified in SYNCRIP: purple residues, peptide sequences 
used to raise anti-CGI 7838 polyclonal antibody (the partially conserved peptide against which the anti-SYNCRIP (mouse protein) antibody was raised is underlined): 
green residues, additional amino acids present in the CG  7838-F sequence cloned from Drosophila ovary total RNA. The alignment was generated using ClustalW2. 
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Figure 6.4 Alignment of CG 17838 protein isoforms. Most isoforms contain the three-conserved RRM domains (blue line). Isoform C has a stretch of 20 amino acids 
highlighted in red that differ in sequence at the C-terminal end of RRM 1. Isoforms A. H. D and E have N-terminal extensions. Isoforms B. D and G have a glycine-
rich insertion at the C-terminus that contains multiple RG dipeptides and tyrosine residues. Isoform G is otherwise truncated, and consists of RRM 3 and the extended 
C-terminus only. Isoform D does not have the second predicted bipartite NLS or C-terminus that is present in all other isoforms. Orange residues, predicted NLS 
sequences: red tyrosine residue, phosphorylated in SYNCRIP: purple residues, peptide sequences used to raise the anti-CG17838 polyclonal antibody. Underlined is 
the partially conserved peptide against which the anti-SYNCRIP (mouse protein) antibody was raised. The alignment was generated using ClustalW2. 
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Cloning of CC 17838-F cDNA 
Nested RT-PCR was used to isolate the entire protein coding cDNA sequence of 
Drosophila CG17838-F. cDNAs were reverse transcribed using total RNA isolated 
from Drosophila ovaries and oligo(dT) 20 primers. Comparison of the submitted 
sequence with the cloned sequence revealed that the cloned sequence contained an 
additional eight encoded amino acids in the nonconserved region between the end of 
the RRM domains and the second predicted NLS (Fig. 6.3). This probably has 
resulted from the prediction of a false positive splice site in the vicinity of the actual 
splice site. The cDNA was subcloned into a pGex bacterial expression vector for the 
production of an N-terminally tagged GST-fusion protein (Fig. 6.5A), and also into 
pUASP:GFP and pUAST:GFP for the generation of transgenic flies and 
overexpression of GFP-tagged CG 17838-F. A polyclonal peptide antibody was also 
raised in rabbit using a double peptide strategy. Two peptides were designed using 
the CG17838-F amino acid sequence (Fig. 6.3 and 6.4), and both injected into the 
same rabbit (Eurogentec). On the basis of sequence and peptide position, the 
resulting antibody is predicted to recognize all CG17838 isoforms excluding 
CG I 7838-G. 
The integrity of the purified recombinant CG17838-F was checked by SDS-PAGE, 
followed by coomassie staining (Fig. 6.5A') or Western blotting with an anti-GST 
antibody (Fig. 6.513). The anti-CG17838 polyclonal antibody was tested first by 
Western blot on the recombinant protein and in vitro translated CG17838-F (Fig. 
6.513). In both cases, anti-CG 17838 recognized a single band of the expected size. 
An anti-SYNCRIP antibody shown to recognize mouse SYNCRIP in brain extracts 
was also obtained (Bannai et al., 2004). This antibody was raised against a peptide 
within a conserved region of the N-terminal acidic domain (Fig. 6.3 and 6.4), and in 
Western blotting recognizes multiple proteins in mouse brain extracts corresponding 
to SYNCRIP isoforms and hnRNP R. However, despite the partial conservation of 
the peptide that the antibody was raised against, this antibody did not detect any 
proteins in Drosophila ovary extracts (Fig. 6.5C). In contrast, following peptide 
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affinity purification, the anti-CG I 7838 antibody recognized multiple proteins 
ranging between —5 1-75 kDa in Drosophila ovary extracts that were not recognized 
by the pre-immune serum (not shown). CG17838-F is most likely the —59 kDa band 
(which could also correspond to isoform C), whilst others represent other isoforms 
(for example, isoforms B and D are predicted to be 74-77 kDa). A maternal triple 
driver, MTD-GAL4 (Petrella et al., 2007; Appendix A.3), containing three GAL4 or 
GAL4:VPI6 transgenes under the control of the nos or otu promoters was used to 
induce strong expression of UAS-CGI 7838-F-GFP throughout oogenesis. Western 
blotting with anti-CG17838 on ovary extracts made from flies expressing UAS-
CG17838-F-GFP during oogenesis also revealed a -'86 kDa band. This was also was 
also recognized by an anti-GFP antibody (Fig. 6.5C'), and corresponds to the 
expected size of CG17838-F-GFP. Western blots with extracts prepared from other 
tissues also show that CG17838 is highly expressed in testis, adult head and third-
instar larval brain (C. Meignin. unpublished). However, it must also be stated that the 
peptide antibody does not reliably detect CG1 7838 isoforms in wild-type extracts, 
and so a new antibody is being raised against the recombinant protein. 
CC 17838 interacts with Drosophila Syt and RNA 
The name of SYNCRIP results from the ability of the protein to bind both ubiquitous 
Syts and RNA (with a preference for poly(A) RNA), and its cytoplasmic subcellular 
localization (Bannai ci al., 2004; Mizutani el al., 2000). The ability of CG 17838 to 
bind Drosophila Syt was tested by anti-GFP immunoprecipitation from adult head 
extracts prepared with flies expressing UAS-CG I 7838-F-GFP in neuronal cells using 
the elavC155-GAL4 driver. Syt and CG I 7838-F-GFP were coimmunoprecipitated 
by the anti-CG 17838 antibody, but not by control rabbit serum, indicating that 
CG I 7838 and Syt interact (Fig. 6.6A). At the synapse, calcium plays an important 
role in synaptic vesicle and Syt protein dynamics. In order to examine whether 
presence or absence of calcium has any role in the interaction of CG 17838 and Syt, 
immunoprecipitation was done in the presence of calcium or EGTA. No differences 
















39 - am  
28- 
19-s 
B GST-GFP GST-CG17838-F 
















GST-GFP 	GST-CG17838-F 	TnT CG17838-F 
ngprotein 
97j 
64 	 go - 	 - 
51- 
	P 39 6MMMEMiN 	 __________ 	 I _  
u-GST 	 u-CG17838 	 u-CG17836 
C 	 C' 
SYNCRIP LERTGYTLDVTT 	 YSGQQPSVGT 
hflRNP R LERTGYTLDVTT •-.KYGGpPp:YSGVQPGIGT 
CG17838 LERTGYTLDVTT -YGc;--RWEGNVPGNGC 
* 	*• * 

















0 	0 0 	0 




39  .i 	.1 
u-CG17838 a-GFP 
Figure 6.5 Purification of GST-CG 17838-F and testing of an anti-CG 17838 
polyclonal antibody. 
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Figure 6.5 (continued) Purification of GST-CG17838-F and testing of an anti-
CG17838 polyclonal antibody. (A) Induction of expression of N-terminally GST-
tagged CG 17838-F. (A') The integrity of purified GST-CG 17838-F was checked by 
SDS-PAGE followed by coomassie staining and, (B) by Western blotting with an 
anti-GST antibody. (B) The polyclona) anti-CG17838 antibody was tested by 
Western blot on GST-CG17838-F and in vilro translated CG17838-F. (C) An 
antibody raised against a partially conserved peptide in mouse SYNCRIP recognizes 
multiple bands (asterisks correspond to SYNCRIP isoforms and hnRNP R) in mouse 
brain extract, but not in [)ro.sophila ovary extract. (C) A Western blot of ovary 
extracts from Oregon-R and CG17838-F-GFP expressing flies, probed with anti-
CG 17838 and anti-GFP. Asterisks correspond to CG17838-F and CG 1783 8-F-GFP. 
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Figure 6.6 CG17838-F interacts with Synaptotagmin and RNA. (A) Western blot 
of immunoprecipitation (IP) from adult head extracts with anti-CG 17838 antibodies 
or pre-immune serum (P1). Extracts were prepared using flies expressing UAS-
CG I 7838-F-GFP in neuronal cells with the elavCI55-GAL4 driver and the IP was 
carried out in the presence (1 mM CaCl 2 ) or absence (1 mM EGTA) of calcium. 
Proteins on the blot were detected with anti -Synaptotagmin and anti-GFP. An amount 
of head extract equal to 1% of that used for IP was loaded in the input lane (I 1%). (B) 
In vitro translated CG 17838-F or luciferase labelled with [ 35 S]Met was incubated with 
poly(U)-sepharose or sepharose-413. Poly(U)-sepharose binding assays were also 
carried out in the presence of the indicated amount of homopolymer (poly(C), poly(A) 
and poly(U) RNA, and poly(dA) DNA as a competitor. 
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The ability of in vitro translated CG17838-F to bind RNA in vitro was examined 
using poly(U)-sepharose binding assays. CG17838-F bound strongly to poly(U)-
sepharose, but did not detectably bind to sepharose 4B. In contrast, in vitro translated 
luciferase, a protein not predicted to bind RNA, did not interact with poly(U)-
sepharose or sepharose 4B (Fig. 6.613). Poly(C) RNA did not compete binding to 
poly(U)-sepharose, whilst poly(U) RNA, and to a lesser extent, poly(A) RNA did 
compete effectively. Poly(A) DNA did not compete suggesting that CG17838-F 
preferentially binds poly(U) and poly(A) RNA, although binding to poly(A) RNA is 
weaker than that to poly(U). SYNCRIP preferentially bound poly(A) RNA in vitro 
(Mizutani et al., 2000) indicating that there are differences in the in vivo target RNAs 
for SYNCRIP and CG17838-F. 
The expression pattern of CG 17838 during oogenesis 
Staining of wild-type ovaries with anti-CG17838 antibodies (C. Meignin, 
unpublished) revealed that CG17838 is expressed in the germline. CG17838 protein 
is enriched in the oocyte from stage 7 onwards, and is present in an anterior-posterior 
gradient (Fig. 6.7A). Microtubules within the oocyte also form an anterior-posterior 
gradient. When visualized directly, microtubules appear to be nucleated from both 
the anterior and lateral cortex and extend in all directions (Cha et al., 2001; 
MacDougall el al., 2003). The density of microtubules is greatest at the anterior 
cortex and lowest at the posterior pole, and the intensity of CG17838 staining within 
the oocyte matches this pattern. CG17838 also accumulates at the posterior of the 
oocyte from stage 9 of oogenesis onwards (Fig. 6.713), as seen for osk mRNA, factors 
required for osk localization (for example Stau, and Heph described in Chapter 5) 
and also for dynein (Li ci al., 1994). The pattern of staining is specific for the anti-
CG17838 antibody and is not seen with the control pre-immune serum (Fig. 6.7C). 
This pattern of localization is consistent with a role for CG 17838 in the transport or 

















Figure 6.7 CG17838 is expressed in the gerniline. (A) C617838 is present in an 
anterior-posterior gradient similar to microtubules. (B) CG17838 accumulates at the 
posterior of the oocyte from stage 9 onwards, similar to osk mRNA. (C) The pattern 
of staining is not observed using control pre-immune rabbit serum. Egg chambers 
were stained using anti-CG 17838 or pre-immune serum, phalloidin to label F-actin 
and DAPI 
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Visualization of GFP in UAS-CG17838-F-GFP expressing egg chambers (using 
tubulin-GAL4 and MTD-GAL4) shows high levels of expression in germline nuclei 
throughout all stages of oogenesis, and is reminiscent of GFP expression in SqdGFP 
protein-trap flies. The difference in localization of endogenous protein and 
overexpressed GFP protein could be an artefact of overexpressing a protein that is 
predicted to contain two NLSs. 
CG17838 interacts directly with RNAs and trans-acting factors in vitro 
Recombinant CG17838 and Sqd interact directly and non-specifically with 
ORF16 RNA 
To confirm the specific GRNA (Chapter 4) association of CG17838 with ORF16 
RNA, and to test if this interaction could be direct, the ability of recombinant GST -
CG17838-F to bind to radiolabelled ORF16, 0RF16AGLS, hb and nos RNAs was 
assessed using a UV cross-linking assay. As controls, the binding of GST-Sqd A 
(also specifically bound ORFI6 in GRNA experiments) and GST-GFP to the same 
RNAs were also tested. GST-CG17838-F and GST-Sqd A both directly bound 
ORFI6, but in contrast to the specificity observed in GRNA experiments, both 
proteins bound all RNAs tested (GST-Sqd S also bound all RNAs tested in the same 
manner as Sqd A, but this is not shown) (Fig. 6.8A). The difference in specificity 
observed for CG 17838 and Sqd between GRNA and UV cross-linking is explained 
by the specific recognition of grk only by an intact protein complex (see discussion). 
Interestingly, multiple RNA-protein complexes were observed upon UV cross-
linking of Sqd A to all probes, suggesting that Sqd A can form oligomers on RNA 
molecules. 
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CG17838 interacts directly with all Sqd isoforms in vitro 
To test whether CG 1 7838 can directly interact with grk trans-acting factors, the 
ability of in vitro translated CG17838-F or Sqd A to bind to GST-tagged Sqd 
isoforms, A, S and B or GST-CG17838-F was examined using a GST-pulldown 
assay (Fig. 6.813). CG17838-F associates with all GST-Sqd isoforms, but not with 
control GST-GFP and GST only proteins, whilst Sqd A associates with GST-
CG 1 7838-F, but also not with control proteins. Interestingly, the in vitro translated 
CG17838-F protein that associated with GST-Sqd A and B migrated slightly slower 
than CG17838-F associated with GST-Sqd S. It was hypothesized that this could 
reflect phosphorylation of the CG17838-F associated with GST-Sqd A and B. To test 
this hypothesis, CG17838-F bound to the three isoforms was mock treated or treated 
with phosphatase following GST-pulldown (Fig. 6.813'). Upon phosphatase treatment 
CG17838-F bound to GST-Sqd A migrated at the same speed as CG17838-F bound 
to GST-Sqd 5, whilst CG17838-F binding to GST Sqd B was difficult to visualize 
following mock or phosphatase treatment. These experiments therefore indicate that 
CG17838-F can bind directly to all Sqd isoforms, and that phosphorylated and non-
phosphorylated forms of CG 17838-F bind preferentially to different Sqd isoforms. 
CG17838 interacts with localized mRNAs and trans-acting factors in the 
germline 
CG 17838 specifically interacts with grk and osk mRNAs 
Given the in vitro association of CG 17838 and grk (GLS) RNA, and the localization 
of CG 1 7838 at the posterior of the oocyte, immunoprecipitation experiments were 
carried out to ask whether CG 1 7838 is a component of localized RNPs in the 
germline (Fig. 6.9). RT-PCR showed that grk and osk mRNAs are present in the 
fractions precipitated from ovaries taken from flies expressing UAS-CG I 7838-F-
GFP with MTD-GAL4 or iubulin-GAL4, and from SqdGFP protein trap and Oregon-
R (and GFP-Heph: see Chapter 5) control ovaries using anti-CG 17838 antibodies, 
but not in immunoprecipitates from control rabbit serum (Fig. 5.5). grk and ask 
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rnRNAs were also present in fractions precipitated from CG17838-F-GFP and 
SqdGFP (and GFP-Heph; see Chapter 5) ovary extracts using anti-GFP antibodies, 
but not in anti-GFP immunoprecipitates from Oregon-R control females. No specific 
enrichment of mRNAs highly expressed in ovaries (rp49, iubulin67C), other mRNAs 
asymmetrically localized within the oocyte (bicoid, nanos) or the non-localized 
mRNA control from the initial in vitro experiments (hunchback) was observed in the 
anti-CG 17838 precipitated fractions from all extracts, or in the anti-GFP precipitated 
fractions from CG17838-F-GFP and SqdGFP extracts. 
The results of RNA immunoprecipitation experiments therefore indicate that 
CG 17838 binds specifically to grk and ask mRNAs, whilst Sqd binds specifically to 
grk, ask and also bcd mRNAs. Neither protein interacted with hb or nos mRNAs. 
This is consistent again with the specific recognition of localized mRNAs only by an 
intact protein complex, present in RNA immunoprecipitation and GRNA 
experiments, but not in UV cross-linking with recombinant protein or in poly(U)-
sepharose binding assays (see discussion). 
CG17838 interacts with Sqd and Hrb27C 
The presence of CG 17838 and two well-characterized grk trans-acting factors, Sqd 
and Hrb27C in the same protein complex in Drosophila ovaries was confirmed by 
coimmunoprecipitation experiments. The in vivo association of CG 17838 and Sqd 
was tested by anti-CG 17838 and anti-GFP immunoprecipitation from ovary extracts 
prepared with flies expressing UAS-CG17838-F-GFP in the germline (using MTD-
GAL4) and SqdGFP flies. Sqd was coimmunoprecipitated with CG17838-F-GFP by 
the anti-CG17838 and anti-GFP antibodies, but not by control rabbit serum, 
indicating that CG 17838 and Sqd interact (Fig. 6.1OA). 
Both CG17838 and Sqd are RNA binding proteins, and their association could 
involve only protein/protein contacts or could depend on RNA binding. Furthermore, 
the potential effect of CG I 7838-F phosphorylation on Sqd isoform binding in vitro 
could also indicate regulation of their association by phosphoiylation in viva. 
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Figure 6.8 CG17838 and Squid interact directly with RNA and each other in 
vitro. (A) Recombinant GST-CG 17838-F, GST-Sqd A and GST-GFP control at a 
concentration of 0, 500 or 1000 nM were incubated with 32P-labelled RNA probe as 
indicated and the binding reaction subjected to liv cross-linking. ORFJÔ and 
ORFI6AGLS are RNAs previously used for GRNA experiments described in 
Chapter 4. hb 3'UTR is a small region of the hb 3'UTR containing naiios response 
elements (NREs) required for translational repression of hh mRNA. nos +3 3'UTR is 
the region of the nas 3'UTR containing the nos +3  RNA localization element. (B) In 
vitro translated CGl7838-F or Sqd A labelled with [ 5 S]Met were incubated with a 
series of GST tagged recombinant proteins, GST-Sqd isoforms A, S and B or GST-
('617838-F. GST-GFP and GST only. An amount of in vitro translated CG17838-F 
or Sqd A equal to 50/0  or 100/0  of that used for the GST-pulldown was loaded in the 
input lane (I 5%, I 10%). (B') The experiment described in (B) was carried out in the 
presence or absence of CIP (calf intestinal alkaline phosphatase). 
205 
CG17838-F-GFP 	 SqdGFP 	 Oregon-R 
-RT 	+RT 
CO 	 W 





CO 	 CO 
C', C') 




W 	 cc 
C', C') 













Figure 6.9 ('G17838 associates with grk and osk inRNAs. RT-PCR amphficaiion 
of mRNAs recovered in fractions immunoprecipitated from UAS-CG17838-F-GFP 
(expressed using MTD-GAL4), SqdGFP control or Oregon-R control ovarian 
extracts using anti-CG 17838, anti-GFP and control rabbit serum. I=lnput RNA 
(10%); PI=control rabbit serum; -/+RT=minus/plus reverse transcriptase. 
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Figure 6.10 CG17838 interacts with Squid and Hrb27C. (A) Western blots of 
immunoprecipitation (IP) from ovary extracts with anti-CG 17838, anti-GF or pre-
immune serum (P1). Extracts were prepared using flies expressing UAS-CGI 783 8-F-
GFP in the germline with MTD-GAL4 or SqdGFP flies. Proteins on the blot were 
detected with anti-Sqd A and anti-GFP. An amount of ovary extract equal to 0.25°/i of 
that used for IP was loaded in the input lane (I 0.25%). (B) Western blot of IP from 
Oregon-R ovary extracts with anti-CG 17838 or pre-immune serum (P1). IP was 
carried out in the presence or absence of RNase A and CIP (calf intestinal alkaline 
phosphatase) and proteins on the blot were detected with anti-Sqd A. An amount of 
ovary extract equal to 0.1% of that used for IP was loaded in the input lane (1 0.1%). 
(C) A Hrb27C peptide antibody was raised that recognizes a doublet of J-Irb27C 
protein at 48-50 kD. anti-Hrb27C and anti-GFP were used to probe Western blots of 
IP from ovary extracts with monoclonal anti-GFP or an isotype control (IgGI). 
Extracts were prepared as in (A). An amount of ovary extract equal to 0.5% or 0.25% 
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Coimmunoprecipitation was carried out in the presence or absence of RNase A 
and/or phosphatase (Fig. 6.1013). RNase A treatment in the absence of phosphatase 
reduced Sqd binding to CG17838 when compared to an immunoprecipitation done in 
the absence of both phosphatase and RNase A. This suggests that RNA facilitates the 
association of CG 17838 and Sqd in vivo. However, treatment with both RNase A and 
phosphatase does not result in a change in Sqd imrnunoprecipitation, suggesting that 
dephosphorylation of factors within the immunoprecipitated complex can also 
enhance the association of CG 17838 and Sqd, even in the absence of RNA. 
A polyclonal antibody against two peptides in the C-terminus of Hrb27C was raised 
as described in Huynh el a/., 2004. This antibody recognizes the expected protein 
doublet at 48-50 kDa on Western blots. The ability of CG 17838 to bind Hrb27C was 
tested by anti-GFP immunoprecipitation from ovary extracts prepared using flies 
expressing UAS-CG 1783 8-F-GFP in the germline (using MTD-GAL4) and SqdGFP 
flies. Hrb27C was coimmunoprecipitated with both SqdGFP and CG17838-F-GFP 
by the anti-GFP antibody, but not by an isotype control antibody, indicating that 
CG 17838 and Hrb27C interact (Fig. 6. 1 OC). 
CGI 7838 mutants 
A number of lines containing P-element or piggyBac insertions in the CGI 7838 gene 
were available from the Bloomington and DGRC (Drosophila Genetic Resource 
Centre) Kyoto Stock Centres and the Exelixis Collection (Fig. 6.11). Two of these 
alleles, CG] 7838,01128" and CGI 7838fh75  showed highly reduced viability both in 
homozygotes and in combination with D/(3R)BSCI24 (table 6.3) and Df(3R)BSCJ4I 
(deficiencies uncovering CGI 7838). It was not possible using the current stocks to 
determine when most homozygous individuals died, although a small number died at 
late pupal stages (these lines were balanced with TM613 carrying the dominant 
marker Tubby, allowing identification of heterozygous and homozygous pupae). 
Rebalancing the lines over appropriate GFP balancers will allow better 
characterization of the stage when death occurs. Each of the two alleles also fails to 
complement the lethality of the other, and viability is even more reduced when both 
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alleles are present. However, CGJ 7838 e00286  and CG17838f0377 -¶  are not null alleles 
because the percentage of lethality in CGI 7838t00286  or 0377 /Df individuals is higher 
than in hornozygotes. CGJ 783800286  and CG17838'113775  homozygotes or 
combinations with deficiency that do eclose are unhealthy, do not crawl within the 
vial and are prone to getting stuck in the growth medium. These adults also die 
within one day of eclosure, meaning that egg chambers are not developed enough to 
assess RNA localization processes during oogenesis in these mutants. 
The CGJ 7838400286  insertion lies within an exon coding for RRM 3 and is predicted 
to affect all CG17838 isoforms, suggesting that the RNA binding activity of 
CG 17838 proteins is essential for viability. The CG178381°3775 insertion lies within 
an intron between exons that make up the C-terminal glycine-rich region (contains 
multiple RG dipeptides and tyrosine residues) in isoforms B, D and G. It is possible 
that the /03775 insertion disrupts correct splicing in this region resulting in reduced 
viability. As Df(3R)BSCI24 does not uncover isoform G, this isoform alone must not 
be able to compensate for the disruption in CGI 7838 function in CGJ 783K°°286 and 
CGJ 783803775  alleles. Other insertions do not have reduced viability in combination 
with Df(3R)BSCI24 (table 6.3) and Df(3R)BSC14I. These insertions either lie within 
introns upstream of the first exon common to all isoforms or between exons coding 
for the N-terminal extension seen in isoforms A and H. Females homozygous for 
these alleles, or in combination with deficiency are not sterile, and grk mRNA is 
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Figure 6.11 Insertions and deficiencies associated with CG17838. Insertions 
PL00557, d09234, NP6571, KGO 1380, e00286 and 1D3775 are shown across the 
gene, whilst deficiencies 1)f(3R)BSC124 and 1)f(3R)&S'('141, and the cytogenetic 
bands 92F12-93A1 are shown below. 
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TABLE 6.3 CG17838e 00286  and CG17838 3775 alleles show highly reduced 
viability both in homozygotes and in combination with a deficiency. Percentage 
viability is the ratio of the number of flies with no balancer to half the number of 
adults with a balancer. ND, not done. 
Genotype n % Viability Female sterile grlc localized 
PL005571PL00557 463 51% Yes ND 
PLOO5571Df(3R)BSC124 404 95% No Yes 
NP6571/NP6571 241 96% No Yes 
NP65711Df(3R)BSCI24 202 72% No Yes 
KG013801KG01380 419 63% No Yes 
KGO13801Dfl'3R)BSC124 893 83% No Yes 
J03775/J03775 703 100/o ND ND 
j03775/DJ(3R)BSCI24 429 2% ND ND 
e00286/e00286 730 12% ND ND 
e00286/Df(3RBSCl24 400 2% ND ND 
e00286/J03775 195 3% ND ND 
The role of CG 17838 in mRNA localization during oogenesis 
The posterior localization of CG 1783 8  in the stage 9 oocytes and the in vitro and in 
vivo association of CG17838 with Sqd, Hrb27C and grk and osk mRNAs suggests 
that CG17838 is a component of localized RNPs in the Drosophila germline. 
However, females homozygote, or in combination with a deficiency, for the two 
hypomorphic alleles, CGI 7838(002  and CGI 7838'1-17 ' 5die within one day of 
eclosure meaning that egg chambers are not developed enough to assess RNA 
localization processes during oogenesis in these mutants. 
To generate additional CG17838 mutations, the NP6571 and KG01380 P elements 
were mobilized (Adams and Sekelsky. 2002) (Fig. 6. 12). The original inserts lie 
within the first intron of most isoforms (Fig. 6.11) and are viable and fertile both in 
homozygotes and in combination with deficiency. 50 excision lines for each of the 
original insertions were generated. All lines produced by excision of KG01380 were 
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homozygous lethal but viable over both deficiencies and laid wild-type eggs. From 
the lines generated by excision of NP6571, eight were homozygous female sterile. 
Females from these lines laid short, rounded eggs with paddleless dorsal appendages 
(Fig. 6.13A-C). Eggs with this phenotype are also laid by mutants in genes such as 
quail (Villin) and resemble typical phenotypes due to loss of actin regulatory 
components. Phalloidin staining revealed that in these excision lines the actin 
cytoskeleton was disorganized (Fig. 6.13D, E). Direct sequencing across the original 
insertion site of NP6571 revealed that these female sterile alleles carried insertions 
corresponding to a duplication of P element inverted repeats, or to a larger (up to 1.5 
kb) region of NP6571. However, these same lines were fertile and laid wild-type 
eggs over both deficiencies indicating the generation of a secondary mutation during 
P element mobilization. Therefore these lines were not pursued further. 
Another eight NP6571 excision lines were homozygous lethal, but all except one, 
NP65 7115,  were also viable over both deficiencies. NP65 7/15  was lethal over 
deficiency and CGJ 7838e026.  PCR analysis and sequencing across CGI 7838 
revealed that the NP6571 15 allele carries an approximately 8kb-long insert at the 
same genomic location as in the parental NP6571 line, corresponding to an internally 
deleted NP657 I P element (the parental element is 11.2 kb). 
In order to study the NP6571 15 and CG/ 7838e00286  alleles during oogenesis, germline 
clones were generated using the FLP-DFS technique (C. Meignin, unpublished). 
NP6571 15 eggs were wild-type and oocytes showed no defects in grk and osk mRNA 
and Grk and Osk protein localization (C. Meignin, unpublished). It is possible that 
the NP65 71 15  allele selectively affects the expression of certain CG 17838 isoforms 
that are not required for mRNA localization in the oocyte. For example, it is possible 
that this allele disrupts the splicing of the first intron in isoforms D and E only, but 
further characterization of the expression pattern of different isoforms in wild-type 
and mutant is required to confirm this. Preliminary observations do show that 
CG17838 °02 "6 eggs are ventralized, consistent with a role for CG17838 in grk 
mRNA localization or translational regulation. Experiments are ongoing to determine 
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Figure 6.12 Genetic strategy for P-element mobilization on the 3 rd  chromosome. 
(A) Females of lines with P-element insertions in ('GI 7838 were crossed to males 
expressing the i2-3 transposase. (B) Males with the P-element insertion (coloured 
eyes) and the A2-3 transposase (so that the P-element is enabled to hop) were crossed 
to females with Ly and TM3 balancer in order to balance lines with an excised P 
element. (C) Single males with an excised P-element (white eyes) were crossed 
again to females with Ly and TM3 balancer in order to establish individual balanced 




Figure 6.13 Homozygous CGI 7838 excision mutants. (A-C) Comparison of eggs 
laid by wild-type (ii'i) flies and homozygous female sterile excision fines( NP5) 
reveals that these excision lines lay short, rounded eggs with paddleless dorsal 
appendages. (D. E) Phalloidin staining shows that oocytes taken from homozygous 
excision line females have a disorganized actin cytoskeleton. 
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Figure 6.14 Genetic strategy used to generate a FLP-FRT-based deletion on the 
3II 
chromosome. (A, B) Crosses place two FRI-bearing transposon insertions, 
d09234 and fD3 775  in lraizs in the presence of heat shock-driven FLP recombinase 
(hs-J'LP). (A) Males carrying one insertion were crossed to females carrying a FLP 
recombinase. (B) Progeny males carrying both the insertion and FLP recombinase 
were then crossed to females carrying the second insertion. Activation of FLP 
recombinase by heat shock results in the generation of deletion of intervening 
sequence between the two insertions. (C) Progeny females were then crossed to 
males with marked balancer chromosomes, (D) Single progeny males potentially 
carrying a deletion were then used to establish stocks with balancers that could also 
give additional progeny for deletion confirmation by PCR. 
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whether this is the case, and also to test whether CG17838 is involved in the 
regulation of osk mRNA. 
Due to the complexity of the CG17838, existing insertions and P-element 
mobilization probably do not fully disrupt the function of all isoforms, resulting in 
phenotypes being obscured by redundancy. Efforts are also ongoing to produce a null 
mutation affecting all isoforms by generating a FLP-FRT-based deletion (Fig. 6.14) 
(Parks et al., 2004) between the insertions d09234 and /03775 (Fig. 6.11). This is 
predicted to delete exons encoding the N-terminus and the RRMs of all isoforms, and 
also the glycine-rich C-terminal region in isoforms B, D and G. 
The role of CG17838 in the nervous system 
UAS-CG17838 RNAi (lines 33011/33012 obtained from the Vienna Drosophila 
RNAi Centre), expressed in all cell types under the control of actin-GAL4 fail to 
eclose and die at late pupal stages. In addition, preliminary results show that targeted 
expression of UAS-CG17838 RNAi using a variety of nervous system GAL4 drivers 
also results in lethality at late pupal stages (C. Meignin, unpublished). These were 
the pan-neuronal driver elavCJ55-GAL4, the pan-glial driver repo-GAL4, the 
mushroom body driver eas[a1aP]-GAL4, and the all nerves driver 1407-GAL4. 
Expression of the RNAI lines with a number of other nervous system GAL4 drivers 
did not result in lethality or any observable phenotype. These were the motoneuronal 
drivers C164-GAL4 and D42-GAL4, the cholinergic neuronal driver Chu-GAL4, the 
multidenditic (rnd) neuronal (a subset of sensory neurons of the PNS) driver 
109(2)80-GAL4, the mushroom body (expression directed specifically to the y lobes) 
driver 1471-GAL4, the dendritic arborization (da) neuronal (a subset of md neurons) 
driver 477-GAL4, and the segment specific muscle and motoneuronal driver A51-
GAL4. This preliminary data indicates that CG17838 expression is required in 
specific neurons and in glia for adult viability. Pharate adult lethality as seen for 
CG17838 RNAi, and in some cases CG1783S ti111286 i and CG 178381113 	 s observed in 
Imp mutants (adult Imp null mutant escapers, like CG17838 mutant adults also 
remain on the food and exhibit little movement) (Boylan el al., 2008), and also 
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commonly in mutants that are defective in synaptic transmission. For example, 
SNAP-25 is a plasma membrane t-SNARE that is a component of the 
neurotransmitter release machinery, and promotes the docking of synaptic vesicles 
with the plasma membrane. Like SYNCRIP, SNAP-25 can interact with the vesicle 
membrane protein Synaptotagmin. SNAP-25 mutants also fail to eclose, and when 
manually freed from the puparium are capable only of slight twitching movements 
with the forelegs and palps (Vilinsky et al., 2002). Interestingly, when UAS-
CG17838 RNAi is expressed with the all nerves-Ga14 driver the few adults that do 
eclose also are only capable of twitching movements, and do not survive. 
In the case of Imp, it was shown that the protein acts to modulate synaptic terminal 
growth, and when this is disrupted, locomotion, and hence neuromuscular defects are 
observed. It was hypothesized that Imp is involved in the transport and translational 
control of transcripts at synaptic termini that encode components of signalling 
pathways coordinating synaptic with muscle growth. It is possible that common 
phenotypes are observed for CG17838 and Imp mutants because CG17838 acts with 
Imp in the nervous system to regulate mRNA localization and translation, and 
potentially synaptic growth. A further possibility is that CG17838 modulates 
synaptic transmission at the level of the neurotransmitter release machinery (as for 
SNAP-25) via its ability to bind Syt. 
Expression of CG17838 in the nervous system 
Preliminary immunostaining indicates that CG 17838 is highly expressed in the third 
instar larval brain and ventral ganglion (C. Meignin, unpublished), although 
colocalization experiments with specific markers are required to define this 
expression in greater detail. CG 17838 is also present in particles throughout cultured 
neurites, both proximal and distal to the neuronal cell body (C. Meignin, 
unpublished). It is possible that these particles represent vesicles or RNA granules, 
and again colocalization experiments are needed to confirm the identity of these 
particles. 
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Discussion 
Drosophila CG 17838 was identified in Chapter 4 as one of a number of proteins able 
to bind specifically to GLS-containing RNA. CG17838 is the orthologue of 
mammalian SYNCRIP, and like SYNCRIP, CG17838 is able to associate with 
Synaptotagmin and interact directly with RNA, with a preference for poly(U) 
homoribopolymers. Western blotting and immunofluorescence confirm the 
expression of CG 1 7838 in the Drosophila egg chamber in a pattern similar to 
microtubules and dynein, with an accumulation at the posterior pole of the oocyte 
from stage 9 onwards. Immunoprecipitation experiments confirm the results of the 
GRNA experiment in that CG17838 is a component of a complex that includes Sqd, 
Hrb27C and grk mRNA. The interaction of CG 17838 with osk mRNA also adds to 
the list of proteins, consisting of Heph, CG 17838, Me3lB, Sqd, Hrb27C, Bruno, Cup 
and possibly Imp, that are able to associate with both grk and osk. Preliminary data 
suggests that an insertion in an RRM disrupts grk mRNA localization and/or 
translational regulation, and that this insertion and CG17838 RNAi also potentially 
result in synaptic transmission defects (C. Meignin, unpublished). As SYNCRIP 
interacts with dendritically localized mRNAs in mammalian neurons, it is possible 
that CG17838 is also required for the regulation of localized mRNAs in the 
Drosophila nervous system, and therefore that the protein has a conserved role in 
transport RNPs during oogenesis, and in neurons in different organisms. 
Furthermore, given the association of SYNCRIP with BC200 RNA, PABP (Duning 
el al., 2008) and the RNAi machinery (Moser el al., 2007), it is possible that 
SYNCRIP and CG17838 act as regulators of translation maternal and neuronal 
transport RNPs. 
CG17838 is a complex gene 
CGJ 7838 is contained within 50 kb of genomic sequence and alternative splicing is 
predicted to result in a number of CGJ 7838 transcripts, and therefore protein 
isoforms (CG17838-A to -H). RT-PCR and Western blotting confirmation of the 
expression of different isoforms in different tissues and developmental stages is 
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required before the function of CGI 7838 can be fully understood, and would also aid 
interpretation of the phenotypes of different mutants. It is possible that different 
isoforms act together, have different functions or even antagonize one another. 
Indeed, the hnRNP Q proteins (the human SYNCRIP orthologues) hnRNP Q2 and 3 
have been shown to act antagonistically to hnRNP Q  in splicing (Chen et al., 2008). 
CG17838 is expressed in the egg chamber in a pattern similar to microtubules 
and dynein 
Staining of wild-type ovaries with anti-CG 17838 antibodies revealed that CG 17838 
protein is present in an anterior-posterior gradient in the oocyte, much like the 
staining observed for microtubules. CG17838 also accumulates at the posterior of 
stage 9 oocytes, as seen for osk mRNA, factors required for osk localization (for 
example Stau, and Heph described in chapter 5) and also for dynein (Li el a/., 1994). 
This pattern of localization is consistent with a role for CG 17838 in the transport or 
translational regulation of localized rnRNAs within the oocyte. The in vivo 
association of CG17838 with localized mRNAs in the oocyte could be further 
studied by following the distribution of CG17838 in oocytes of various mutant 
backgrounds. For example, if CG17838 is associated with osk mRNA and this is 
responsible for the posterior localization of the protein, then CGI 7838 should not 
localize to the posterior in staif 3 oocytes (Palacios and St Johnston, 2002; St 
Johnston etal., 1991). 
CG17838 interacts with trans-acting factors required for grk and osk 
localization 
CG 17838 coimmunoprecipitates with Sqd and Hrb27C, confirming the association of 
these proteins in GRNA experiments, and also indicating that CG17838 is a 
component of the grk and osk RNPs in vivo. The association of CG 17838 with Sqd is 
sensitive to RNase, and is reduced in the absence of RNA. However, 
dephosphorylation events can compensate for the reduction in binding observed in 
the absence of RNA, suggesting that the Sqd-CG 17838 interaction is regulated by 
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phosphorylation. It is possible that dephosphorylation stabilizes a complex 
containing Sqd and CG17838 that would otherwise dissociate in the absence of 
RNA. A regulatory role for phosphorylation was also suggested by in vitro GST-
pulldowns between CG17838-F and the different Sqd isoforms. CG17838-F can bind 
directly to all Sqd isoforms, but phosphorylated CG17838-F seems to preferentially 
interact with Sqd A, whilst non-phosphorylated CG17838-F preferentially binds Sqd 
S. Given the different roles for Sqd A and S in grk mRNA regulation (A is required 
for translational regulation, whilst S is required for localization; Norvell et al., 1999), 
it is possible that phosphorylation of CG 17838 dictates the function of the protein in 
the grk RNP. SYNCRIP RRM 2 is phosphorylated at a tyrosine residue conserved in 
CG17838, suggesting that this residue is a good candidate for phosphorylation. 
Phosphorylation of trans-acting factors has previously been shown to regulate 
translation of localized 13-acrin mRNA (Hüttelmaier et a/., 2005), and given that 
there are multiple steps in mRNA localization, any one of these steps could be 
regulated by the phosphorylation of trans-acting factors. 
CG17838 interacts specifically with grk and ask only when in an intact protein 
complex 
The results of RNA immunoprecipitation experiments indicate that CG 17838 binds 
specifically to grk and osk mRNAs, whilst Sqd binds specifically to grk, osk and also 
bed mRNAs. Neither protein interacted with hh or nos mRNAs. In GRNA 
experiments (Chapter 4), both proteins also specifically associated with ORFI6 
RNA, and not with ORFI6LGLS or hb RNAs. These results are not consistent with 
the poly(U)-sepharose binding assays in which in in vitro translated CG17838-F 
bound poly(U) and poly(A) RNA homoploymers, or with the UV cross-linking 
experiments described earlier in which recombinant CG17838 and Sqd proteins 
alone were shown to directly bind ORFI6, ORFIÔAGLS, hb and nos RNAs without 
specificity. This can be explained if multiple factors form an RNA recognition 
complex (as would occur in GRNA and RNA immunoprecipitation experiments), 
and it is this complex that has binding specificity. The binding of recombinant 
Modulo to a bed localization element was also previously shown to lack the 
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specificity observed for the binding of the intact recognition complex to the same 
element (Am et al., 2003). Together, these results suggest that the recognition of 
localized mRNAs by trans-acting factors is the sum of multiple interactions, none of 
which by themselves has the binding affinity and specificity of the whole complex. 
Other RNA targets of CG17838 
RNA immunoprecipitation followed by RT-PCR has been used here to assess the 
association of CG17838 with known RNAs. However, in order to fully understand 
the function of CG17838, a more comprehensive list of RNA targets is required. 
RNA immunoprecipitation can be combined with high-throughput sequencing in 
order to identify unknown RNA targets. Recently, in vivo UV cross-linking of RNA 
to protein followed by immunoprecipitation and partial digestion of RNA to form 
'CLIP' RNA tags corresponding to protein binding sites (CLIP; Ule et al., 2005), has 
also been used to understand the 'RNA maps' for a number of proteins (Guil and 
Caceres, 2007; Ule ci al., 2006; Yeo et a/., 2009). This has also been combined with 
high-throughput sequencing (Jensen and Darnell, 2008; Wang et al., 2009). The 
CLIP method has the advantage that RNA-protein complexes formed in intact tissue 
can be purified under highly stringent conditions. Information about the position of 
protein-RNA interaction is obtained in addition to the full complement of RNA 
targets of a particular protein. It is hoped that such methods can be employed to 
study the RNA targets of CG 17838 during oogenesis and in the nervous system. 
The role of CC17838 in mRNA localization during oogenesis 
Homozygotes, or in combination with a deficiency, for the two hypomorphic alleles, 
CG1783S and CG17838/t)3775  die within one day of eclosure meaning that egg 
chambers of mutant females are not developed enough to assess RNA localization 
processes during oogenesis in these mutants. In order to study the CGJ 783K"'286 
allele during oogenesis, gerrnline clones were generated using the FLP-DFS 
technique (C. Meignin, unpublished). Preliminary observations suggest that 
CG17838 02 ' 6 eggs are ventralized, consistent with a role for CG17838 in grk 
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mRNA localization or translational regulation. The predicted disruption of RNA 
binding activity in the CGI 7838e0026  allele is consistent with this. Mammalian 
SYNCRIP was hypothesized to be involved in membrane-dependent RNA transport 
(Banal c/ al., 2004). As membranes are not found in grk-containing transport 
particles or sponge bodies (Delanoue et al., 2007), this would not be the case for 
CG17838 in grk RNA transport. Experiments are ongoing to determine whether 
CG 17838 is required for grk RNA localization or translation, and also to test whether 
CG17838 is involved in the regulation of osk mRNA. In addition to characterization 
of CG 17838 mRNA and protein expression in the mutant, rescue of the mutant 
phenotype by overexpression of CG 17838, or precise excision of the insertion is also 
needed to confirm that CGI 7838 is responsible for this phenotype. 
Efforts are also ongoing to produce a null mutation affecting all isoforms by 
generating a FLP-FRT-based deletion (Fig. 6.14) (Parks el a/., 2004) between the 
insertions d09234 and /03775 (Fig. 6.11). This is predicted to delete exons encoding 
the N-terminus and the RRMs of all isoforms, and also the glycine-rich C-terminal 
region in isoforms B, D and G. It is hoped that this deletion will be used to make 
germline clones. Homologous recombination could also be used as a more targeted 
approach to generate mutants. 
The role of CG17838 in the nervous system 
The presence of CG17838 particles in cultured neurites also suggests that, like 
SYNCRIP, CG 17838 is a component of transport RNPs within neurons. This can be 
tested directly by the visualization of localized mRNAs in primary neuronal cultures 
or in the brain, such as camK/Ja and chickadee, using the MS2-MCP system (Ashraf 
etal., 2006. Estes el al., 2008) in conjunction with CG17838-GFP or anti-CG 17838 
immunostaining. 
The defects observed in surviving CGJ7838'° "2 and CG17838' 375 homozygotes 
and in preliminary RNA] experiments using actin-GAL4 and various nervous system 
drivers to knockdown CG 17838 expression (although knockdown does need to be 
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confirmed) are consistent with defects also observed in mutants where synaptic 
transmission is disrupted, including mutants in the pre-synaptic membrane protein 
SNAP-25 and also Imp. Further work is required to determine where and when 
CG17838 is acting in the nervous system, using colocalization experiments with 
different nervous system markers, and what isoforms are involved. Rescue of the 
mutant phenotype by overexpression of CG17838, or precise excision of the 
insertion is particularly needed to confirm that CG 17838 is indeed responsible for the 
phenotype. The mutant and RNAi defects need to be characterized in greater detail to 
determine whether it is synaptic transmission that is affected. This can be achieved 
by comparing wild-type and mutant/RNAi flies in electrophysiological and 
behavioural assays, and by studying the morphology of the synapse in these flies. It 
is possible that CG 17838 is acting in a similar manner as or with Imp in regulating 
the localization and/or translation of mRNAs at synaptic termini that influence 
synaptic morphology. As Imp and CG 17838 have been isolated in the same protein 
complex on grk mRNA (Chapter 4) it is tempting to speculate that the proteins 
function together in both oogenesis and the nervous system. It is also possible that 
CG17838 is regulates directly neurotransmitter release through its interaction with 
Syt. 
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DISCUSSION AND FUTURE PERSPECTIVES 
mRNA localization coupled to localized translation is a widespread strategy used by 
diverse cell types and systems to spatially restrict protein synthesis to specific 
regions of a cell (Bashirullah el al., 1998; Martin and Ephrussi, 2009; Palacios and 
St. Johnston, 2001; St Johnston, 2005). Indeed, recent results suggest that mRNA 
localization and regulated translation may be a means of regulating the majority of 
cellular functions (Lécuyer et al., 2007). Many of the best-characterized localized 
rnRNAs are found in oocytes and early embryos, where they play an important role 
in axis determination. This has been extensively studied in Drosophila, where the 
localization of maternal mRNAs, such as bed, osk and grk to specific regions of the 
oocyte is crucial for anterior-posterior (A-P) and dorso-ventral (D-V) patterning of 
the embryo (Lasko, 1999; Johnstone and Lasko, 2001; St Johnston and Nusslein-
Volhard, 1992). More recent studies have also shown that mRNA localization is a 
central regulator of neuronal development in axonal navigation, and is also required 
in mature neurons for the plastic changes at synapses that underlie memory and 
learning. In both cases, mRNA localization allows a rapid response to local 
environmental cues and stimuli. Axonally targeted mRNAs are translated in response 
to local guidance cues as they navigate toward their synaptic partners (Antar el al., 
2006; Leung et al., 2006; Wu et al., 2006; Zhang et al., 2001), whilst the regulated 
translation of post-synaptically localized mRNAs allows each of the many synapses 
made by a particular neuron to alter its structure and function during synaptic 
plasticity (reviewed in Dahm et al., 2007). 
Transport of mRNA by molecular motors along cytoskeletal filaments has been 
implicated as the major localization mechanism in most cell types. This active 
transport of mRNA within the cell has been studied using genetic manipulation, 
biochemical techniques, pharmacological disruption, and techniques for the in vivo 
visualization of motile mRNA. Labelling of RNA with fluorescent dyes in vitro 
(Bullock ci al., 2006; Clark ci al., 2007; Ferrandon et al., 1994; MacDougall ci al., 
2003; Van De Bor el al., 2005: Vendra el al., 2007; Wilkie and Davis, 2001) and 
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with fluorescently tagged proteins that can recognise endogenous or inserted 
elements within mRNA in vivo (Jaramillo et al., 2008; Weil el al., 2006; Weil et al., 
2008; Zimyanin et al., 2008) has been particularly instrumental in advancing our 
understanding of the mechanism of mRNA localization. These studies have revealed 
that cytoplasmic mRNA localization is a multi-step process that in a number of cases 
is initiated in the nucleus. Subcellular destination is partially specified by cis-acting 
'localization elements' in the RNA that are recognized by trans-acting factors that 
can function in transcript localization, regulation of translation or anchoring of the 
RNA at the final destination. Complexes of localizing mRNAs and protein factors 
form large structures termed RNA transport granules. Major questions remain about 
the biochemical nature of RNA transport granules, the proteins and RNAs that are 
present in them, what jobs these factors do and how they are organized both spatially 
and temporally. However, it has been suggested that both neuronal and maternal 
RNA transport granules share a number of components with each other and with P 
bodies (Barbee el al., 2006; Kiebler and Bassell, 2006; Snee and Macdonald, 2009). 
RNA transport granules are transported through the cytoplasm along microtubules or 
actin filaments by the motor proteins Dynein and Kinesin or Myosin respectively. At 
the final destination in the cell the RNA is anchored, and is either translated or stored 
in a translationally repressed state until translation is required. 
A major question in the field of mRNA localization is that of specificity. In motor-
dependent localization, it is thought that specific trans-acting factors, or a certain 
number or arrangement of factors can bind to and interpret localization elements 
within the RNA, and it is this interaction that drives the association of RNA with 
motors and also determines destination. Bioinformatic searches for RNA localization 
sequences and structures (Betley ci al., 2002; Hamilton ci al., 2009; Lewis ci al., 
2004; Rabani ci al., 2008) have suggested that mRNAs localizing to the same 
subcellular regions share consensus localization elements, although more evidence is 
required to show this conclusively. Destination may be then be specified by the 
effects of cis-acting elements or trans-acting factors on the recruitment of motor 
proteins (Bullock etal., 2006), conformation or processivity of motor proteins or the 
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choice of cytoskeletal tracks used within the cell (MacDougall et a/., 2003; Messitt el 
al., 2008). 
Given the central role of cis-acting sequences and trans-acting factors in the 
definition of specificity, the overall aim of this thesis was to study the nature of both 
of these using grk localization in the Drosophila oocyte as a model. grk localization 
is required for both A-P and D-V patterning within the Drosophila embryo. 
Translationally repressed grk (Caceres and Nilson, 2009; Clouse et al., 2008; Norvell 
et al., 2009) localizes to the dorso-anterior corner of the oocyte in a Dynein and 
microtubule-dependent manner within transport particles (Delanoue et al., 2007; 
MacDougall el al., 2003). The RNA is then subsequently anchored at the dorso-
anterior corner within sponge bodies in a mechanism that also requires the Dynein 
motor (Delanoue et al., 2007). The grk localization signal, or GLS, is a 64-nucleotide 
RNA hairpin that is necessary and sufficient for localization (Van De Bor et al., 
2005). The 1 Factor retrotransposon RNA also localizes to the dorso-anterior corner 
of the Drosophila oocyte and requires Dynein and microtubules for this localization 
(Van De Bor et al., 2005). The I Factor localization signal, or ftS, is predicted to 
contain similar secondary structural elements to the GLS, and it has been 
hypothesized that the GLS and ILS form a consensus element for dorso-anterior 
localization. 
In order to test this hypothesis we took into consideration that the architecture of 
RNA is also shaped by specific tertiary interactions that can give rise to more 
complex RNA structures than the predicted secondary structures. In Chapter 3 of this 
thesis, GLS and ILS RNAs were prepared and studied by NMR spectroscopy. This 
revealed that the lower stem portions of the hairpins have slightly different 
structures. The stem of a truncated, functional form of the GLS forms an extended 
helical structure, whilst that of a truncated ILS is kinked. Despite these differences, 
both structures exhibit an exposed internal loop with the sequence UUC, and also a 
bulged U. Preliminary mutagenesis experiments (V. Van De Bor, unpublished) 
suggest that whilst the bulged U is not a key determinant of dorso-anterior 
localization, the UUC internal loop is. Furthermore, comparison of the GLS with the 
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same element from different species of Drosophilid and with the G2 and Jockey 
retrotransposon localization elements suggests that the identity of the UUC 
nucleotides is not critically important. Instead, it appears that it is the structure 
formed by these nucleotides that is required for localization. This internal loop may 
therefore represent a key feature shared by dorso-anterior localizing grk and the I, G2 
and Jockey retrotransposons. 
The combination of RNA mutagenesis experiments and the study of RNA structure 
is a powerful way by which to define the key features of an RNA structure that are 
required for localization. This is exemplified in this work by replacement of the 
hairpin loops of the GLS and ILS with an ultrastable tetraloop. This was done 
initially to aid folding and reduce mutlimerization of the GLS through the hairpin 
loop, but also revealed that this loop is essential for GLS localization. In comparison, 
tetraloop ILS does localize, but preliminary mutagenesis experiments (V. Van Dc 
Bor, unpublished) have suggested that a loop of any sequence, but with a certain 
level of stability is required for ILS localization. Structural studies of the hairpin 
loops and the full-length elements and further mutagenesis experiments are therefore 
required to test shared and unique features in the GLS and ILS for effects on 
localization. Only then will we be able to fully address the question as to whether 
these signals are consensus localization elements. Structural information can also be 
used to refine and improve genome-wide sequence and structural searches for new 
localization elements, further testing the concept of consensus localization elements 
that target mRNAs to common subcellular destinations. 
Structural and mutagenesis experiments can also be combined with biochemistry in 
order to fully understand how localized mRNAs interact with trans-acting factors 
within RNA transport granules. A number of trans-acting factors required for grk 
localization have been identified by genetic approaches (Kelley, 1993; Manseau and 
Schupbach, 1989; Schupbach, 1987; Schupbach and Wieschaus, 1991: Wieschaus, 
1978). However, genetic studies for the identification of trans-acting factors have 
been hampered by redundancy among factors, lethal phenotypes and indirect effects 
of genes on rnRNA localization. In Chapter 4 of this thesis, I took an alternative and 
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complementary biochemical approach in order to identify trans-acting factors able to 
interact with the GLS. 
An affinity chromatography approach known as GRNA chromatography (Czaplinski 
et al., 2005), was adapted for use with Drosophila ovarian extract. The isolation of 
factors shown previously to be required for grk mRNA localization and translational 
regulation, including Sqd (Caceres and Nilson, 2009; Delanoue el al., 2007; 
Jaramillo et al., 2008; Kelley et al., 1993; Norvell et al., 1999), Hrb27C (Goodrich et 
al., 2004), Imp (Geng and Macdonald, 2006), UAP56 (Meignin and Davis, 2008) 
and PABP (Clouse el al., 2008), showed that this approach could successfully 
identify components of the grk transport and anchoring granule. Additional proteins 
that could specifically interact with GLS-containing RNA included Me3113, Dpi, 
BicC, Eflct, Dhd, Exu, CG5205, Rig, Fib, CG6745, CG17838, Heph and a small 
number of ribosomal proteins. A repeat of the experiment did isolate a number of 
proteins identified in the initial experiment, but also produced additional candidates 
including Upfl, Ago2, NXF1, UAP56, TRAI and Piwi. The purification of different 
sets of proteins could be due to non-specific binding of some proteins in the GRNA 
experiment. Indeed, given what is already known it is difficult to envisage how a 
number of these proteins could function in the regulation of the localiztion or 
localized translation of grk mRNA. Such proteins include Piwi, TRAI, Rig and Fib. 
The candidate trans-acting factors identified by GRNA add to the list of factors that 
can potentially be involved in the regulation of both grk and osk mRNAs (this list 
now includes Sqd, Hrb27C, Imp, Bruno, Cup, Orb, Otu, Gb, UAP56, Exu, Heph and 
Me3 113). A number of factors, or orthologues of the factors, have also been shown to 
interact with, or be required for localization of other mRNAs both in Drosophila and 
other organisms. This is especially true of factors involved in neuronal RNA 
localization, adding to the similarities between maternal and neuronal RNA granules. 
Many are also P body components, further illustrating the similarities in components 
of transport RNA granules and P bodies. Several of the protein candidates have also 
been shown to be members of the same complexes functioning in multiple forms of 
RNA regulation. Therefore, the GRNA results suggest that core conserved 
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complexes of proteins are involved in the regulation of localized mRNAs in different 
tissues and different organisms. Furthermore, these results also more specifically 
indicate that previously unstudied mechanisms are acting to regulate grk mRNA 
within the grk transport RNP. For example, the isolation of Ago2 and the presence of 
miRNA target sites in the grk 3'UTR indicates the grk might be subject to miRNA-
mediated translational repression during localization. 
The GRNA experiment does not reveal any information regarding the organization 
of the proteins on the RNA, and further experiments are required to identify which 
proteins directly contact the RNA, and which proteins are members of the complex 
through protein-protein interactions. The ultimate aim of such experiments would be 
to understand the necessary factors and their organization to an extent that mRNA 
localization could be reconstituted in vitro, and the basis of specificity identified. The 
roles and interactions of two specific factors, Heph and CG 17838, in grk mRNA 
localization and translational regulation were studied further in Chapters 5 and 6 of 
this thesis. These factors were chosen due to the roles of their orthologues, 
PTB/VgRBP60 and SYNCRIP respectively, in mRNA localization and translational 
regulation in Xenopus oogenesis (Cote el al., 1999; Lewis el al., 2008) and in 
neurons (Bannai et al., 2004; Duning el al., 2008; Elvira et a/., 2006; Kanai et al., 
2004: Ma el al., 2007). 
Heph and CGI 7838 are expressed in the oocyte in a pattern that supports a role for 
each of these proteins in mRNA localization during oogenesis. Both proteins 
accumulate at the posterior from stage 9 of oogenesis onwards, mirroring the 
localization of osk mRNA at this stage, whilst CG17838 is also expressed in a 
pattern similar to that of the oocyte microtubule cytoskeleton and Dynein (Cha el al., 
2001; Li ci al., 1994: MacDougall el al., 2003). Furthermore, Heph and CG17838 
associate specifically with grk and osk rnRNAs in RNA immunoprecipitation 
experiments. CG 17838 can associate directly with grk, but this interaction is specific 
only when CG 17838 is part of an intact protein complex. This has been observed for 
other trails-acting factors and localization elements (Arn ci al., 2003) and suggests 
that recognition of localized mRNAs by trans-acting factors is the sum of multiple 
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interactions, none of which by themselves has the binding affinity and specificity of 
the whole complex. Initial experiments indicate that CG17838 can function in the 
regulation of grk mRNA localization and/or translation. Roles for Heph in osk 
mRNA localization and translational repression have recently been described (Besse 
el al., 2009). The role of Heph in osk mRNA localization appears to be indirect 
through regulation of the establishment of microtubule polarity in the oocyte, 
perhaps in the potential capacity of Heph to regulate splicing. However, Heph 
directly represses Osk translation by binding osk and facilitating the oligomerization 
of the mRNA. In the case of grk, it appears that Heph acts to regulate Grk secretion 
rather than grk mRNA localization. This may be as part of a complex, with other 
proteins thought to be part of the grk transport granule (Kugler et al., 2009; Snee and 
Macdonald, 2009; Wilhelm et al., 2005), but it is still unclear how Heph might be 
required for proper Grk processing, and how this relates, if at all, to the ability of 
Heph to interact with grk mRNA. 
The mammalian orthologues of Heph and CG17838, PTB and SYNCRIP, are 
multifunctional proteins shown to have roles in alternative splicing, mRNA stability, 
regulation of translation and mRNA localization. Indeed, both of these proteins may 
be part of the grk RNP due to earlier mRNA regulation events, such as splicing, in 
the nucleus. In neurons, PTB is thought to be required for the localization of f3-actin 
mRNA to neurite terminals (Ma et al., 2007), whilst SYNCRIP can interact with 
RNA and with the synaptic vesicle component Syt (Mizutani ci al., 2000), as can 
CG 17838, and has been shown to be a component of dendritically localized rnRNA 
granules (Bannai et a/., 2004; Duning ci al., 2008; Kanai et al., 2004). heph mRNA 
is also expressed in the CNS of late stage embryos, and is required for neural 
development (Norga ci al., 2003), and mutants in CG17838 and preliminary 
CG17838 RNA) experiments indicate that CG17838 is required for synaptic 
transmission. It is therefore tempting to speculate that Heph and C'G17838 are 
required for regulation of mRNAs localized within neurons, and that CG17838 is 
required for synaptic transmission either through regulation of localized mRNAs at 
the synapse and/or via its interaction with Syt. 
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The potential roles of Heph and CG 17838 in mRNA localization in oogenesis and in 
the nervous system are consistent with the concept that core conserved complexes of 
proteins are involved in the regulation of localized mRNAs. Moreover, this also 
indicates that the same complex of trans-acting factors can associate with mRNAs 
localizing to different subcellular destinations, and is consistent with previous studies 
showing that the same machinery can drive localization within Drosophila oocytes 
and embryos (Bullock and Ish-Horowicz, 2001; Lail et al., 1999), and the growing 
lists of proteins common to grk and osk mRNAs in the Drosophila oocyte and to 
maternal and neuronal RNA granules (Barbee et at., 2006; Kiebler and Bassell, 
2006). Specificity of mRNA localization must therefore arise through the elaboration 
of these complexes with additional RNA-specific factors, different numbers of the 
same factors in these complexes (Bullock el al., 2006), or different arrangements of 
the same factors on the RNA. Signals within transcripts that localize to the same 
subcellular destination may also contain consensus features that determine the 
specific destination. The challenge for future work is to pinpoint the similarities and 
the differences between these core complexes, how the complexes interact with 
different consensus mRNA localization elements, and how the interactions between 
localized mRNA and protein relate to motor activity and choice of cytoskeletal tracks 
to result in transport to a specific subcellular destination. 
At a general level, understanding the molecular details of specificity in mRNA 
localization will add to current understanding of the regulation of all forms of 
intracellular trafficking, an increasing number of cellular processes and also more 
specific events including pattern formation in polarized cells, oocytes and embryos 
and the development of the nervous system. The conservation of the trans-acting 
factors required for mRNA localization and localized translation in Drosophila and 
other model systems also means that the study of these factors during Drosophila 
oogenesis and in the Drosophila nervous system can lead to a greater understanding 
of how this process can go awry in human disease. This may be particularly 
important for understanding certain disorders of the nervous system such as Fragile 
X syndrome and SMA. 
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A.1 Antibody stocks and dilutions (WB. Western blotting: IF, immunofluorescence: IS, in situ hybridization) 
Name Raised 
in 
Application Dilution Supplier Reference 
anti-CC 17838 Rabbit WB 1/1000 Eurogentec This work 
IF 1/100 
IP 1/50 
anti-SYNCRIP-N Rabbit WB 1/1000 A. Mizutani J. Biol. Chem. 275, 
9823-9831 
anti-Squid A 269 Mouse WB 1/1000 T. Schupbach 
anti-Squid S IBI1 Mouse WB 1/1000 T. Schüpbach 
anti-Hrh27C Rabbit WB 1/10000 Eurogentec This work: Dev. 
Cell 5, 625-635 
anti-C,FP, rabbit IgG fraction 
(polyclonal) 




anti-GFP mouse monoclonal, 
clone CFP-20 
Mouse WB 1/1000 Sigma Aldrich 
IP 1/150 Sigma Aldrich 
anti-CST mouse monoclonal 
B-14 
Mouse WB 1/200 Santa Cruz Biotechnology 
anti-Curken 11312, 
concentrate 
Mouse IF 1/300 Developmental Studies Hybridoma Bank 
(DSHB) 
Mech. Dev. 89, 35- 
42 
anti-Oskar Rabbit IF 1/500 P. Macdonald 
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A.1 (continued) Antibody stocks and dilutions (WB. Western blotting; IF. immunofluorescence; IS, in situ hybridization) 
anti-PTR/Heph Rabbit IF 1/500 A. Ephrussi Genes Dev. 23. 
195-207 
anti-PTB/Heph Rat WB 1/2000 A. Ephrussi Genes Dev. 23, 
195-207 
anti-actin. A-2066 Rabbit WB 1i'2000 Sigma Aldrich 
anti-Synaptotagmin, 3H2 Mouse WB 1/500 DSHB 
2D7, concentrate 
[CL Mouse lgG HRP-linked Sheep WB 115000 GE Healthcare Life Sciences 
[CL Rabbit lgG HRP-linked Donkey WB 1/5000 GE Healthcare Life Sciences 
Alexa Fluor 488 goat anti- Goat IF 11500 Molecular Probes 
rabbit lg6 
Alexa Fluor 647 goat anti- Goat IF 1/500 Molecular Probes 
rabbit lgG 
Alexa Fluor 568 goat anti- Goat IF 11500 Molecular Probes 
rabbit lgG 
Alexa Fluor 488 goat anti- Goat IF 1/500 Molecular Probes 
mouse lgG 
Alexa Fluor 568 goat anti- Goat IF 1/500 Molecular Probes 
mouse lgG 
Anti-Digoxigenin-POD Fab Sheep IS 1/500 Roche 
fragments 
Control pre-immune sera Rabbit WB. IP Eurogentec (for use with corresponding 
anti-CG 1783 8  or anti-Hrb27C antibodies 




A.2.1 Oligonucleotide primers used for the cloning of sequences for NMR into pUCI8. Restriction endonuclease (RE) sites are 
underlined, where a Bbsl site is present, this is highlighted in red. 
Name Sequence RE site 
N MRM I F ' GA(WAAGCTTAATACGACTCACTATAGGCTTC'GTGCTCTCAACAATTG 3' HindIII 
NM RM I R 5' (ICTCGAATTC 	AAGGCUCGGCTCGAACAACAATC ' EcoRI 
NM RI 3 F 5' GAGCAAGCTTAATACGACTCACTATAGGCCTCGTCACTCUGATflTTCAGAGCCT TC 3' Hindl I! 
NM R13 R ' GCTCGAAUC 	AAGGCCTCGATCGAAGGCTCTTGAAAAATCAA 3 Eco RI 
C LSu u cgF 5' GAGCAAGCTTAATACGACTCACTATAGGCAGTAAUUCGTGCTCTCAACAATTCUC GGGAUGTTG 3' Hindl I! 
C LSu ucgR 5' GCTCGAAUC 	AAGGCAGTAAGATTCGGCTCGAACAACAATCCCGAAGAAT GTfGAGAGCAC 3' EcoRl; 
MI u ucgF 5' GAGCAAGCTTAATACGACTCACTATAGGCTTCGTGCTCTCAACAAUCTTCGGGAU G11'G 3' Hind! I! 
MI uucgR 5' GCTCGAATFC 	AAGGCUCGGCTCGAACAACAATCCCGAAGAATrGTTGAGA GCAC ' Eco RI; 
I LSu u cgF 5' GAGCAAGCTTAATACGACTCACTATAGGCTGCACACCTCCCTCGTCACTCTTGATTCGTCAAGAGCCTTC 3' Hind! I I 
I LSu ucgR 5' (ICTCGAAUC 	AAGGCTGCACACCTACTCGATCGAAGGCTCTTGACGAATCAA ' EcoRI; 
13 nfl cg F 5' GAGCAAGCTTAATACGACTCACTATAGGCCTCGTCACTCTTGATTCGTCAAGAGCCTTC 3' Hind! II 
13 flu cgR 5' GCTCGAAUC 	AAGGCCTCGATCGAAGGCTCTTGACGAATCAA 3' EcoRI; 
ampF 5' GAGCAAGCTTAATACGACTC 3' Hind!II 
ampR 5'GCTCGAAlTC 	AAG3' EcoRI; 
GLStetpCEM 5' AGTAATF1TCGTGCTCTC 3' NA 
MI 
A.2.1 (continued) Oligonucleotide primers used for the cloning of sequences for NMR into pUCI8. Restriction endonuclease (RE) 
sites are underlined, where a BbsI site is presents this is highlighted in red. 
GLStetpGEMR 5' AGTAAGATTCGGCTCGAAC 3' NA 
MI tetpG EM 5' UCGTGCTCTCAACAAUC ' NA 
MI tetpCE MR ' UCGGCTCGAACAAC Y NA 
lLStetpGEM 5' TGCACACCTCCCTCGTCACTC 3' NA 
I LStetpG EM R ' TGCACACCTACTCGATCGAAG 3' NA 
I3tetpGEM 5' CTCGTCACTCTTGAT1'CGTC ' NA 
I3IetpCEMR 5' CTCGATCGAAGGCTC ' NA 
MI stem F 5' GAGCAAGCTTAATACGACTCACTATAGGCTTCGTGCTCTCAACTFCGGTTGTTC 3 Hindlll 
MI stem R 5' GCTCGAAUC 	AAGGCT1'CGGCTCGAACAACCGAAGTTGAGAG 3' EcoRl: 
MI loop F 5' GAG('AAGCTTAATACGACTCACTATAGGCCAATrGTCGCCGTCACAGAT 3' Hindu! 
Ml loop R 5 GCTCGAAUC 	AAGGCCAATCTGTGACGGCGACA 3' EcoRI; 
13 stem F 5' GAGCAAGCTTAATACGACTCACTATAGGCCTCGTCACTCUCGGAGCCUCGATC 3' Hindu!! 
13 stem R 5' GCTCGAAUC 	AAGcCCTCGATCGAAGGCTCCGAAGAGTG 3' EcoRI; 
13 loop F 5' GAGC'AAGCTTAATAC'GACTCACTATAGGCCTTGATTTrTCAAGGC 3' Hindu 11 
13 loop R ' GCTCGAAUC 	AAGGCCUGAAAAATCAAGGC ' Ec'oRI: 
M13 F 5' GTAAAACGACGGCCAG 3' (Sequencing primer) NA 
M13 R 5' CAGGAAACAGCTATGAC 3' (Sequencing primer) NA 
285 
A.2.2 Oligonucleotide primers used for the cloning of ORFI6, ORF16AGLS and A and ILS sequences into p6xE2 for GRNA 
chromatography. Restriction sites are underlined. 
Name Sequence Description RE site 
SM 13 F (IGATAAGCTTCGATCGTTTAGACCCCTTCATTG 13 Forward primer for ORF I 6/ORF 1 6AG LS cloning into p6xE2 Hind! II 
SM 14R (CATACTAGTGCTGCAGCTCGTGCGCATGCTCG Reverse primer for ORF 1 WORT I6AGLS cloning into p6xE2 Spel 
ILS CRNA F 5GGATAAGCTUGCACACCTCCCTCGTCAC3 Forward primer for ILS cloning into p6xE2 Hind!1I 
ILS cIRNA R CCATACTAGUG(ACACCTACTCGATCGAAG ' Reverse primer for ILS cloning into p6xE2 Spel 
AILS CRNA F 5GGATAAGCTTTAACGACAAACAATTCGGGTTC3 Forward primer for A+ILS, A+ILS 1 , and AAILS cloning into 
p6xE2 
Hind!!! 
AILS GRNA R CCATACTAGTGAUATGGAGTGCAC -' Reverse primer for A+LLS and lLSmut cloning into p6xE2 Spe! 
AILSAILS 
GRNA R 
5' CCATACTAGUCCATTCCTG( AATTGCTG ' Reverse primer for AAILS cloning into p6xE2 Spel 
FM 
A.2.3 ()ligonucleotide primers used for the cloning of CG17838-F cDNA and for cloning for protein expression. Restriction sites are 
underlined. 
Name Sequence Description RE site 
C(; 17838 F • ATGGCGGAAGGTAATGGCGAAC ' Forward primer for amplification of NA 
CG17838-F 
CC 17838 R UAACTCCATGCCGAAAACGTATC ' Reverse primer for amplification of NA 
CG17838-F and for generation of TnT 
template 
CCI 7838pGexF GGATGGATCCATGGCGGAAGGTAATGGCGA ' Forward primer for amplification of BamHl 
CG17838-F to be subcloned into pGex3 
CGI7838pGexR 5 GCTCGAAUCTTAACTCCATGCCGAAAACG Reverse primer for amplification of EcoRI 
CG17838-F to be subcloned into pGex3 
TnTCCI7838F Forward primer for generation of T7 promoter and Kozak 
(CGGAAGGTAATGGCGAAC 3 
CG I 7838-F template for TnT sequences highlighted in 
red 
seqmidCCI7838F CTGCGGCAAGATACCCAAG Y Sequencing primer from middle of NA 
CG 17838-F 
5' pCex 5 GGGCTGGCAAGCCACGGGTG From GE Healthcare Life Sciences NA 
sequencing 
primer 




A.2.4 Oligonucleotide primers used for RT-PCR analysis following immunoprecipitation 
Name Sequence Description RE site 
gurken F • (;TCACA(;ATTGTTGTT(.'GAGCCGAATC ' Amplifies 256 bases of grk coding region NA 
gurken R (AATGGAGTC(iTCTGCGTUGGCAGUG ' As above NA 
oskar F 5CACGATATCGAGCATCAAGAGTGAATATC3' Amplifies 441 bases of ask coding region NA 
oskar R ' GTAGAAATTGUCiAGATGCTTCCAAUATC Y As above NA 
bicoid F 5*GACGACGCTACAGATCUGGAGCCTTrG3 Amplifies 810 bases of bcd coding region NA 
bicoid R ' CTAATTGAAGCAGTAGGCAAACTGCGAG y As above NA 
hunchback F 5' ccAc,AATTGTATATATTCGTAGCATAAG ' Amplifies 436 bases of hb 3'UTR NA 
hunchback R ' TACTGAGAGAATAATATCAGAGAAAG ' As above NA 
nanos F 5'AUAACCCTCACTAAAGGGAAGAGGGCGAATCCAG3' Amplifies +1 and +2' segments of the nos 3'UTR NA 
nanos R ' AGATCTATAGGCACGGGATAACGCTC ' As above NA 
rp49 F ' G 	(ICTGTCGCA('AAA ' Amplifies 135 bases of rp49 coding region NA 
rp49 R ' TCCGGTGGGCAGCATGTG 3' As above NA 
tuhulin67C F ' GGCAGCCTGAAGACCAAGGAGGAG ' Amplifies 320 bases of tub67C coding region NA 
tubulin67C R ' CACTGCTCTGCGATCUCTGC As above NA 
A.2.5 Oligonucleotide primers used to create templates for in vitro transcription of UV cross-linking probes 
Name Sequence Description RE sites 
T3 hb 3'UTR NRE F AFT\A( ('CTCACTAAAGGGATCATATAATCGTI'GTCCAG ' Forward primer for NRE region of/zh 3'UTR NA 
hb 3'tJTR NRE R 5TTGGCYTATGTACAAUTTCG3 Reverse primer for NRE region of hh 3'UTR NA 
T3 hb 3'tJTR F ' AUAACCCTCACTAAAGGGAGUCCCCATCACCATC Y Forward primer for larger region of lib 3'UTR NA 
lib 3'UTR R ' ACCGTTUCAGGGTTTTTAGTCG Reverse primer for larger region of hb 3'UTR NA 
T3 nos 3 F 5' A1TAACCCTCACTAAAGGGATATAGTATAGACAACG ' Forward primer for +3 segment of nos 3'UTR NA 
nos 3 R 5ACICGAACATmACGAAATGAAG3 Reverse primer for +3 segment of nos 3'UTR NA 
T3 nos 1-2 F SAUAACCCTCACTAAAGGGAAGAGGGCGAATCCAG ' Forward primer for +1 and +2' segments of the 
nos 3'UTR 
NA 




A.3 Fly strains used in this work 
Genotype Source Description 
Oregon-R (OrR) Wild-type stock 
11 111181 Bloomington (stock 6326) Control stock 
wI*i; Pjr% 	P{wl+mCI=ovoDl -18 } 3 R/stlll be(aTub85DIDI ssIlI 
eisl/TM 3 . Shill 
Bloomington (stock 2149) For germline clone generation 
vI I wIl  1181 P 	I+t7.21=70F13F/Dp(1;Y)1+1; TM2/TM6C, Sblll Bloomington (stock 6419) For gerniline clone generation 
w; FRT82Bheph/TM3, Ser W. Brook heph mutant allele for germline 
clone generation 
w; FRT8213hephd2/TM3. Ser W. Brook heph mutant allele for germline 
clone generation 
w: FRT828heph'"429/1'M613 A. Ephrussi heph mutant allele for germlinc 
clone generation 
P(GawB}eIav 155 Bloomington (stock 458) Pan-neuronal driver 
P{GawB}elav 55 , P{UAS-syteGFP)1. w A. Valles; Also available 
Bloomington (stock 6923) 
Pan-neuronal expression of 
Synaptotagmin fused to eGFP 
MTD-GAIA Maternal Triple Driver w; P{COG-GAL4:VP16; P{GAL4-nos.NG7}40; 
P(no.c-GAL4:VPI6J 
L. Cooley Germline specific driver 
tuhulin-GAL4 J. Raff Ubiquitous expression driver 
w: pItJASp -CG 17838- F-GFPI I/Cs 0 This work. C. Meignin For overexpression of CG 17838-F-
GFP in the gcrmline 
w; pJtJASI -CGl 7838- F-CFPI I/TM3, Sb This work. C. Meignin For overexpression of CG 17838-F-
GFP in somatic tissue 
WI 11181: flf(3R)BSCI 24/T116B, TbI II Bloomington (stock 9289) Deficiency uncovering CG 17838 
wJI 1181; Df(3R)BSCI4I/TM6B, Tbt+l Bloomington (stock 9501) Deficiency uncovering CG 17838 
'I 11181: e002861TM68, Tbi 1J Exelixis collection CG 17838 insertion 
wl 1118; f03775/TM6B. Thi I I Exelixis collection CG 17838 insertion 
wi; P{CawBINP657I / TM6 DGRC Kyoto stock centre 
(stock 105236) 
CG17838 insertion 
yI II 	167c23I; rN 15061 PtyI+mDin (2 1 wIBR.E.BRI=SUP0 r- P}KG01380 Bloomington (stock 1343 1) CG 17838 insertion 
; P(FRT(w"))2A PneoFRTJ82B PBac{GAL4D,EYFP}C617838 557 Bloomington (stock 19547) CG 17838 insertion 
WI 11181; d0923411\16B. Thi I I Exelixis collection CG 17838 insertion 
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A.3 (continued) Fly strains used in this work 
SqdGFP A. Debec: Delanoue etal., 
2007 
Squid protein-trap line containing 
an intronic GFP insertion 
c;FP-PTB pBacldsRed+I/TM3, Ser Besse etal., 2009 PTB/Heph protein-trap line 
SP/CvO: A2-3/TM6, Ubx For P-element mobilization 
vw; L'/TM3 Balancer stock 
P{rl+t 7 . 2 1=hsFLP}l. 	will 18J; DrIMiol/TM3, rl*l Shill Bloomington (stock 7) For deletion generation 
wl III; wgiSp-1J/CyO; senslLy - Il/TM 6 B. TbIll Bloomington (stock 8136) Balancer stock 
A.4 GRNA results 
CRNAexperimentl .xls and GRNAexperiment2.xls 
These excel files, provided on the accompanying CD, list the proteins isolated using the ORF 16, ORF 1 6AGLS, GLS and hb GRNA in 
experiment I and experiment 2 respectively. 
all 
